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Abstract
CP violation in top physics is reviewed. The Standard Model has negligible effects, conse-
quently CP violation searches involving the top quark may constitute the best way to look for
physics beyond the Standard Model. Non-standard sources of CP violation due to an extended
Higgs sector with and without natural flavor conservation and supersymmetric theories are dis-
cussed. Experimental feasibility of detecting CP violation effects in top quark production and
decays in high energy e+e−, γγ, µ+µ−, pp and pp¯ colliders are surveyed. Searches for the elec-
tric, electro-weak and the chromo-electric dipole moments of the top quark in e+e− → tt¯ and in
pp → tt¯X are descibed. In addition, other mechanisms that appear promising for experiments,
e.g., tree-level CP violation in e+e− → tt¯h, tt¯Z, tt¯νeν¯e and in the top decay t → bτντ and CP
violation driven by s-channel Higgs exchanges in pp, γγ, µ+µ− → tt¯ etc., are also discussed.
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1 Introduction
Violations of the CP (Charge Conjugation combined with Parity) symmetry are of great interest
in particle physics especially since its origin is still unclear. Better understanding of this (so
far) rare phenomenon can lead to new physics which may explain both the origin of mass and
the preponderance of matter over anti-matter in the present universe. Indeed, reactions that
violate CP are such a scarce resource that in over thirty years the only confirmed examples of
CP violation are those found in the decay of the KL-meson
1.
The first experimental observation of CP violation was in 1964 by Christenson, Cronin, Fitch
and Turlay [2] who observed a non-vanishing rate for the decay KL → 2π [3],
Br(KL → 2π) = 3.00 ± 0.04 × 10−3 . (1.1)
Since the dominant decay of KL is to a 3π state of CP = −1, the above decay to a manifestly
CP = +1 state clearly violates this symmetry.
Another example of CP violation which is well established in KL is the difference between
Γ(KL → ℓ+νℓπ−) and Γ(KL → ℓ−νℓπ+), ℓ = e, µ [3]:
Γ(KL → ℓ+π−ν)− Γ(KL → ℓ−π+ν¯)
Γ(KL → ℓ+π−ν) + Γ(KL → ℓ−π+ν¯) = (3.27 ± 0.012) × 10
−3 . (1.2)
All of these observations of CP violation in the KL system can be explained by the CP violation
in the mixing of the neutral K mesons. Thus
|KL〉 =
(
(1 + ǫ)|K0〉 − (1− ǫ)|K¯0〉
)
/
√
2(1 + |ǫ|2) , (1.3)
|KS〉 =
(
(1 + ǫ)|K0〉+ (1− ǫ)|K¯0〉
)
/
√
2(1 + |ǫ|2) , (1.4)
where the experimental value of ǫ is [3]:
|ǫ| = (2.263 ± 0.023) × 10−3 ; arg(ǫ) = 43.49 ± 0.08 . (1.5)
As is well known, this mixing can be accommodated in the Standard Model (SM) with three gen-
erations where the CP violation originates through a phase in the Cabibbo Kobayashi Maskawa
(CKM) [4] matrix as will be discussed in some detail in section 3.1.
The SM further predicts that there is an additional CP violation inKL → ππ parameterized by
the quantity ǫ′. The prediction is that ǫ′/ǫ = O(10−4); the theoretical difficulties in determining
the hadronic matrix element prevent us from making a more precise estimate [5]. Experimentally
ℜe(ǫ′/ǫ) may be measured via [6]:
ℜe(ǫ′/ǫ) ≃ 1
6
[
1− |η00|
2
|η+−|2
]
, (1.6)
where
ηij =
〈πiπj |HW |KL〉
〈πiπj|HW |KS〉 , (1.7)
and HW is the relevant weak interaction Hamiltonian.
After some two decades of intensive efforts, new and quite dramatic experimental develop-
ments have recently taken place that we would now briefly like to mention. First of all, let us
recall that a few years ago the CERN experiment NA31 gave the result [7]:
ℜe(ǫ′/ǫ) = (23 ± 6.5)× 10−4 , (1.8)
1For excellent recent books on CP violation see ref. [1]
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appreciably different from zero. On the other hand, the Fermilab experiment E731 found it
completely consistent with zero [8]:
ℜe(ǫ′/ǫ) = (7.4 ± 6)× 10−4 . (1.9)
For the past many years improved experiments have been underway, at CERN (experiment
NA48), and at FNAL (KTEV) with an expected accuracy of about O(10−4), KTEV has recently
announced their new results on ǫ′/ǫ, based upon analysis of 20% data collected so far [9]:
ℜe(ǫ′/ǫ) = (28 ± 4.1)× 10−4 . (1.10)
Combining with [7] and [8] one now finds:
ℜe(ǫ′/ǫ) = (21.8 ± 3)× 10−4 , (1.11)
thus conclusively establishing that ǫ′/ǫ 6= 0. Such a non-vanishing value formally lays to rest the
phenomenological superweak model [10] of CP violation as it unambiguously predicts ǫ′/ǫ = 0.
However, unless the computational challenges presented by strong interactions can be overcome,
it is unlikely that the measured value of ǫ′/ǫ would confirm or refute the SM in any reliable
fashion.
Experiments involving B-mesons are more likely to have a quantitative bearing on the SM.
Just as the SM indicates that the natural size of CP asymmetries in K physics is O(10−3–10−4),
it also strongly suggests that the effects in the B system are much bigger; in many cases CP
asymmetries are expected to be tens of percents. This expectation renders the B system ideal
for a precise extraction of the CKM phase and, indeed for a thorough quantitative test of the SM
through a detailed study of the unitarity triangle [11]. The asymmetric and symmetric B factories
currently in the early stages of running at KEK, SLAC and Cornell and hadron machines, should
have a very important role to play in confronting the experimental results with the detailed
predictions of the SM. A recent CDF result [12] for CP violation in B0 → J/ΨKS , though crude
at the moment, indicates that CP violation may indeed be large in the b system.
Experiments at FNAL have decisively [13] demonstrated that the mass of the top quark is
extremely large, i.e., the D0 and CDF average is now mt ∼ 174 GeV [14]. This has some very
important consequences. First the top rapidly undergoes two-body weak decay: t → b + W ,
with a time scale of about 10−24 sec., which is shorter by an order of magnitude than the typical
QCD time scale necessary for hadronic bound states to be formed [15]. Thus, unlike the other
five quarks, the top does not form hadrons. It means that the dynamics of top production and
decay does not get masked by the complications of non-perturbative, bound state physics, i.e.,
the “brown muck”. All of the CP violation phenomena relevant to the top are therefore of the
“direct” type.
We should think of the top quark as an elementary fermion. For example, it therefore is
sensible to ask for its dipole moment [16, 17, 18, 19]. Unlike the other quarks the spin of the top
quark becomes an extremely important observable. Indeed the decays of the top quark become
very effective analyzers of its spin, see e.g., [20, 21, 22].
The SM predicts, however, that CP-violating effects in t-physics are very small. This is
primarily due to the fact that its large mass in comparison to the other quarks renders the
Glashow-Iliopoulos-Maiani (GIM) [23] cancellation particularly effective [24, 25]. This being the
case, what then is the motivation for the study of CP violation in the top quark system?
There are two related reasons why one might expect to find such effects. First of all there is
another important example of CP violation which the SM fails to explain, namely the excess of
matter over anti-matter in the universe. It was shown by Sakharov [26] in 1967 that CP violation
is one of the necessary conditions for baryon number asymmetry to appear in the early universe;
baryon – anti-baryon asymmetry can be dynamically generated at early stages after the big bang
even if the universe was “born” symmetric, provided that: (i) C and CP are violated, (ii) there
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are baryon number violating interactions and (iii) there is a deviation from thermal equilibrium.
The basic idea is that, if CP is violated, then baryons and anti-baryons interact with different
rates at some point in the early universe. However, the CP violation due to the SM appears too
weak to drive such an asymmetry [27]. In many cases, extensions of the SM such as the Two
Higgs Doublet Model (2HDM) or the SUperSYmmetric (SUSY) extensions of the SM are able to
supply the CP violation required to produce such a baryon asymmetry in the early universe. In
fact in some models [28, 29] it is precisely the couplings of the top quark to CP-violating phases
in beyond the SM physics which drive baryogenesis. Thus, the study of CP violation in top quark
interactions in the laboratory could shed light on these primordial processes.
The second motivation for investigating CP violation in top quark physics is that in many
extensions of the SM, CP violation in the top quark can be particularly large. Indeed, because
the SM contribution to CP violation in the top quark is so small, any observation of such effects
would be a clear evidence of physics beyond the SM. The argument here parallels the search for
the weak neutral current, in the 1970’s, by looking for parity violation in deep-inelastic-scattering.
The point is that the existing theory of the time, namely QED, could not cause parity violation
in deep-inelastic-scattering. Such an effect became an unambiguous signature for the existence
of the weak neutral current.
Since various extensions of the SM entail new CP-violating phase(s), we should seek the
optimal strategies for searching each type of new phase. In this context we first recall, what has
been emphasized on the preceding page, that the b-quark is very sensitive to the CKM phase
of the SM. Existing literature has revealed that top physics is very sensitive to several different
types of new phases. Upcoming high energy colliders of the next decade can therefore serve as
excellent laboratories for searching for new physics in top quark systems, and in particular, for
studying CP-violating effects associated with those new CP-odd phases. The upgraded Tevatron
pp¯ collider (runs 2 and 3) at Fermilab which will be able to produce about 104 − 105 tt¯/year,
the CERN pp Large Hadron Collider (LHC) will produce about 107 − 108 tt¯/year, and about
105 − 106 tt¯/year are expected at a future e+e− Next Linear Collider (NLC).
A CP-odd phase due to an extended neutral Higgs sector or vertex corrections arising in other
extensions of the SM can endow the top quark with a large dipole moment form factor. Such an
effect could be detected both at an e+e− collider, such as the NLC or hadron colliders such as the
LHC. A CP-violating phase in the neutral Higgs sector also causes large CP asymmetries in the
reactions e+e− → tt¯H0 and e+e− → tt¯νeν¯e, both of which should be a prime target for the NLC.
Moreover, CP violation in the neutral Higgs sector and in supersymmetry can have interesting
effects in single top production at the upgraded Tevatron pp¯ collider at Fermilab and in tt¯ pair
production at the LHC. The transverse polarization of the τ in the three-body top decay t→ bτν
is extremely sensitive to a new phase from a charged Higgs sector in Multi-Higgs Doublets Models
(MHDM’s). Finally, CP-odd phases in SUSY models have also interesting effects in Partial Rate
Asymmetry (PRA) in t → W+b versus t¯ → W−b¯. These processes and others will be discussed
in the subsequent chapters.
We will not consider CP violation phenomena in which the top quark is virtual rather than
an external particle. It suffices to recapitulate that, in the SM, CP violation is often dominated
by the virtual top quarks in the loops. Let us also comment that the discovery of the top with
the measurement of mt, and the progress in determination of the CKM matrix elements as well
as considerable progress in theory, has influenced our understanding of CP violation in K and
B physics within the SM [30] and beyond the SM [31]. Furthermore, for the Electric Dipole
Moments (EDM’s) of the electron and the neutron [32], the virtual top quark also plays a crucial
role in extended Higgs sector scenarios.
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2 General discussion
2.1 Definitions of discrete symmetries C, P & T
Let us now review the definitions of the discrete symmetries C,P and T and recall a few basic
facts concerning their manifestation in relativistic quantum field theory.
Under the parity transformation, P , the spatial coordinate axes are reversed, i.e., P~x = −~x.
Thus for an ingoing particle, X, in a specific momentum and spin state |X; ~P , ~S〉in, the action
of parity is to reverse the momentum, leaving the spin fixed as angular momentum is an axial
vector defined by a cross product. Hence
P |X; ~P , ~S〉in → |X;−~P , ~S〉in . (2.1)
Under the Wigner definition of time reversal, T , the sign of both momenta and spins are reversed,
and also, due to the anti-unitary nature of T , |〉in and |〉out states are interchanged. Thus
T |X; ~P , ~S〉in → |X;−~P ,−~S〉out . (2.2)
Under Charge conjugation, C, each particle is replaced by its anti-particle, and so
C|X; ~P , ~S〉in → |X¯ ; ~P , ~S〉in , (2.3)
where X¯ means that all charges and other additive quantum numbers are reversed.
It can be shown that local relativistic quantum field theories with the usual spin-statistics
relations are invariant under the combined action of all three of these symmetries where [33]:
CPT |X; ~P , ~S〉in = |X¯ ; ~P ,−~S〉out . (2.4)
Thus, such a theory violates T if and only if it violates CP, where
CP |X; ~P , ~S〉in → |X¯;−~P , ~S〉in , (2.5)
and in this sense CP and T violation are equivalent.
Other well known consequences of the CPT theorem are that masses of particles and anti-
particles are the same, mX = mX¯ , and the total widths of particles and anti-particles are also
equal, ΓX = ΓX¯ . Note that it does not follow from CPT that decay rates to specific final states
are the same. In fact, partial width differences, i.e., a non-zero value of
∆(X → A) ≡ Γ(X → A)− Γ(X¯ → A¯) , (2.6)
is a form of CP violation that we will discuss in more detail in section 2.3. Clearly it follows from
ΓX = ΓX¯ that ∑
A
∆(X → A) = 0 , (2.7)
where the sum is over all possible final states. The relationship between ∆(X → A) and the
other final states which compensate for it will also be discussed in detail in section 2.3.
In this report we are largely concerned with the violation of discrete symmetries in decay and
scattering experiments. We, therefore, need to consider the implementation of CP and T on the
S-matrix.
For C and P this is straightforward. Consider the initial state of ni particles
|i〉 = |~Pa, ~Pb, . . . , ~Sa, ~Sb, . . .〉in , (2.8)
and the final state of nf particles
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|f〉 = |~P1, ~P2, . . . , ~S1, ~S2, . . .〉out , (2.9)
so that the S-matrix element is
〈f |S|i〉 = Sfi . (2.10)
The transformations P and C follow from the single particle transformation
|fP 〉 = | − ~P1,−~P2, . . . , ~S1, ~S2, . . .〉out , (2.11)
|fC〉 = |~P1¯, ~P2¯, . . . , ~S1¯, ~S2¯, . . .〉out , (2.12)
and likewise for |iP 〉, |iC〉. The transformation of the S-matrix element under these symmetries
is thus
Sfi
P−→ SfP iP , (2.13)
Sfi
C−→ SfCiC . (2.14)
and thus
Sfi
CP−→ SfCP iCP . (2.15)
The nature of time reversal, however, requires the interchange of |〉in and |〉out states so that the
effect on the S-matrix will be anti-unitary. Thus
|fT 〉 = | − ~P1,−~P2, . . . ,−~S1,−~S2, . . .〉in , (2.16)
|iT 〉 = | − ~Pa,−~Pb, . . . ,−~Sa,−~Sb, . . .〉out , (2.17)
such that
Sfi
T−→ SiT fT . (2.18)
Needless to say, because of the interchange of initial and final states, accelerator based experiments
seldom test T directly.
These symmetries, as they are defined in S-matrix theory are fundamental in that if the
Lagrangian and the vacuum states respect C, P or T , then the corresponding symmetry of the
S-matrix will apply. We will also find it useful to consider the symmetry TN - “naive” time
reversal - for which this is not true. The definition of TN is to apply T to the initial and final
states without interchanging them
Sfi
TN−→ SfT iT . (2.19)
Thus, TN is a “symmetry” which can be tested in accelerator based scattering experiments, but,
as we shall see in the following section, it only corresponds to “true” time reversal (T ) operation
at tree-level in perturbation theory. It is nonetheless useful in categorizing the various modes of
CP violation.
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2.2 CP-violating observables: categorizing according to TN
It is useful to divide CP-violating observables into two categories (see e.g., [16, 22, 34, 35]), those
that are even under “naive” time reversal (TN ) and those that are odd. Recall that TN is defined
as a transformation which reverses the momenta and spins of all particles without the interchange
of the initial and final states. This contrasts with true time reversal, T , in that under T initial
and final states are also interchanged.
The symmetry TN is not a fundamental symmetry like C, P and T since the S-matrix under
TN need not follow from the transformation properties of the Lagrangian. Nevertheless, it is a
useful tool for categorization and as we shall presently show, observables which are CP-odd and
TN -odd, i.e., are CPTN -even, may assume non-zero expectation values in the absence of Final
State Interaction (FSI) effects. In particular, tree-level processes in perturbation theory may lead
to non-vanishing expectation values for these operators. On the other hand, CP-odd TN -even
(i.e., CPTN -odd) operators may only assume non-zero expectation values if such FSI effects are
present giving a non-trivial phase to the Feynman amplitude. Such a phase, often called a strong
phase or absorptive phase, may arise in several ways. It may be present in a loop diagram if the
internal particle(s) can be on-shell. An interesting variation of this, which we will consider in
section 2.4, is in the propagator of an unstable particle where the strong phase is the phase of
the Breit-Wigner amplitude. Non-perturbative rescattering of final state particles can also give
a strong phase though this is more of interest in CP studies in B and K physics.
Indeed, TN is useful in understanding when CP-conserving observables depend on an ab-
sorptive phase. In particular, a CP-even TN -odd observable (typically a CP-even triple product
correlation of momenta and/or spins) will only assume an expectation value if FSI effects are
present. Thus, for instance, if one is looking for a CP-odd, TN -odd effect, one must have data
both on the process of interest and its CP conjugate (if they are different) in order to distinguish
from the possible background of CP-even TN -odd effects (see e.g., [36]).
In order to understand the role of TN , let us consider the unitarity relations of the S-matrix
(implied by conservation of probabilities). Following a derivation analogous to the optical theorem
[37] we write the S-matrix in terms of the scattering amplitude T
S = 1 + iT , (2.20)
where, for a given transition i→ f , T is related to the “reduced scattering amplitude”, τ , by
< f |T |i >= (2π)4δ4(pf − pi) < f |τ |i > . (2.21)
Substituting Eq. 2.20 into the unitarity relation S†S = 1 we obtain
Tfi − T ∗if = i
∑
n
T ∗nfTni , (2.22)
where we denote 〈a|T |b〉 ≡ Tab. In terms of τ this becomes
τfi − τ∗if = i(2π)4
∑
n
δ4(pn − pi)τ∗nfτni . (2.23)
Let us now assume that there are no rescattering effects and that (to the order of approximation
considered) i and f are stable states so that τii = τff = 0. Thus, for each possible intermediate
state n, the rhs of Eq. 2.23 vanishes. Therefore, in the absence of rescattering, τ is hermitian
τif = τ
∗
fi . (2.24)
Now, if τ is CP invariant, then by the CPT theorem it is also T invariant. Thus
〈f |τ |i〉 = 〈iT |τ |fT 〉 = 〈fT |τ |iT 〉∗ , (2.25)
10
TN CP-violating CP-conserving
even Y N
odd N Y
Table 1: Transformation properties under TN and CP and presence or absence of final state
interactions (FSI). Here Y ≡ FSI present and N ≡ FSI absent.
and therefore
|< f |τ |i >|2 = |< fT |τ |iT >|2 . (2.26)
In fact this equation means precisely that the modulus of 〈f |τ |i〉 is invariant under TN . Since,
in the absence of rescattering, the expectation value of any operator depends only on |〈f |τ |i〉|,
Eq. 2.26 implies that if CP is conserved, then only TN -even operators can have a non-vanishing
expectation value.
What we have shown therefore is that in the absence of rescattering effects (i.e., ℑm(τ) = 0,
in which case the requirement of CPT invariance leads effectively to conservation of the scat-
tering amplitude under CPTN ) and in the absence of CP violation, TN -odd observables have
zero expectation value. Thus, if such a TN -odd observable O has a non-zero expectation value,
either CP is violated and O is CP-odd (i.e., CPTN -even) or there are rescattering effects present
(implying CPT 6= CPTN ) and O is CP-even (i.e., CPTN -odd). Conversely, let us suppose O
is CP-odd and TN -even (i.e., CPTN -odd). Again Eq. 2.26 implies that this operator can only
assume a non-zero expectation value if rescattering effects are present. These properties of the
operators are summarized in Table 1.
From Table 1 we see that another consequence of Eq. 2.26 is that a TN -odd signal is only a
definite signal for T violation and hence of CP violation in the absence of rescattering effects. To
confirm the CP-even or CP-odd nature of such a reaction one must therefore compare data from
i→ f with the charge conjugate channel i¯ → f¯ to explicitly verify CP violation or else rule out
rescattering effects in some other way.
Recall from the definition of time reversal that the spatial components of vectors representing
momenta and spins are reversed. Thus, an observable is TN -odd if it is proportional to a term
of the form ǫ(v1, v2, v3, v4), where vi are 4-vectors representing spins or momenta of initial and
final state particles and ǫ is the Levi-Civita tensor. Consequently, TN -odd signals can only be
observed in reactions where there are at least four independent momenta or spins that can be
measured.
There are two important venues for the investigation of CP violation that we will deal with
extensively. The first one is when CP nonconservation appears in decays of a particle and the
second, is to search for scattering processes that can give rise to CP violation. The latter consist
of two different possibilities: either the CP-violating effect is due to the subsequent decay of the
particle which is produced in the scattering process or the CP nonconservation is driven by an
intrinsic property of the scattering mechanism itself.
An observable which is CP-odd and TN -even, thus requiring an absorptive phase (as was
shown above), and which is widely used in the case where the CP effect appears in decays of
a particle is called PRA (Partial Rate Asymmetry). This observable is non-vanishing when a
particle A decays to a state B with a partial width Γ(A → B) whereas the partial width of the
conjugate process, i.e., Γ(A¯→ B¯) is different from Γ(A→ B). Thus, defining
αPRA ≡ Γ(A→ B)− Γ(A¯→ B¯)
Γ(A→ B) + Γ(A¯→ B¯) , (2.27)
it is easy to see that αPRA is odd under CP and CPTN . For αPRA to receive non-vanishing
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contributions, at least two amplitudes with different (CP-even) absorptive phases as well as with
different CP-odd phases must contribute to A→ B. To see this explicitly, let us define M1 and
M2 to be the two possible amplitudes contributing to A→ B
M≡M(A→ B) = |M1|eiϕ1eiδ1 + |M2|eiϕ2eiδ2 ,
M¯ ≡M(A¯→ B¯) = |M1|e−iϕ1eiδ1 + |M2|e−iϕ2eiδ2 , (2.28)
where ϕi are CP-odd phases that change sign as one goes from A → B to A¯ → B¯, and δi are
CP-even phases that can arise due to FSI. It is then easy to see that
|M|2 − |M¯|2 = −4|M1||M2| sin(δ1 − δ2) sin(ϕ1 − ϕ2) . (2.29)
Clearly αPRA, being proportional to (|M|2−|M¯|2), will vanish if the two amplitudes do not have
a relative absorptive phase, i.e., δ1 − δ2 6= 0 as well as a relative CP-odd phase, i.e., ϕ1 −ϕ2 6= 0.
Of course αPRA does not violate CPT [38] as the requirement of CPT applies only to total widths
Γ(A) = Γ(A¯). This equivalence (i.e., Γ(A) = Γ(A¯)) is due to the fact that the absorptive phase of
Γ(A → B) emanates from rescattering through an on-shell intermediate state C and vice versa,
i.e., the absorptive phase for Γ(A→ C) will emanate from the on-shell intermediate state B. This
fact is an example of the well-known “CP-CPT connection” [39, 40, 41]. The states B and C are
referred to as compensating processes. Of course, one can in general have this compensation act
between several final states.
It is sometimes useful to define a slightly different asymmetry which also requires dealing with
partial rates. This asymmetry is called the Partially Integrated Rate Asymmetry (PIRA) and is
defined as
αPIRA ≡ ΓPI(A→ B)− ΓPI(A¯→ B¯)
ΓPI(A→ B) + ΓPI(A¯→ B¯) , (2.30)
where ΓPI is the partially integrated width for A → B obtained by integrating only part of
the full kinematic range of phase-space. Often such asymmetries can be larger than αPRA since
the portion of the final states not included in the integral may themselves be the compensating
process. For example, in [42] it was shown that detecting CP violation effects in the process
t→ bτντ through αPIRA is more efficient than through αPRA as the former is driven by tree-level
diagrams and the latter by 1-loop diagrams.
A related observable which is also CP-odd and TN -even is the energy asymmetry
αE ≡ < Ei > − < Ei¯ >
< Ei > + < Ei¯ >
, (2.31)
where < Ei > is the average energy of a particle i in a decay of the “parent” particle and < Ei¯ >
is the average energy of the corresponding anti-particle i¯ in the decay of the conjugate state of
the “parent” particle. Such an asymmetry becomes relevant when the decay involves three or
more particles in the final state and may be regarded as a weighted PRA.
A further generalization of the above constructions of CP-odd TN -even observables is by
considering combinations of dot products (thus being even under TN ) of measurable momenta
or spin vectors. Examples of such CP-odd TN -even observables will be given in the following
chapters.
As an example of the various types of operators discussed above let us consider the reaction
e−(pe) + e+(p¯e)→ t(pt, st) + t¯(p¯t, s¯t) , (2.32)
where pi are 4-momenta and si are spins. Clearly, no TN -odd observable can be constructed
without the Levi-Civita tensor, ǫ, and since the momenta satisfy pe + p¯e = pt + p¯t one needs
to use the spins of the t and t¯ to construct such observables. Indeed no non-trivial CP-odd
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observable can be constructed without knowing the spins either, so top polarimetry is essential
for the study of CP violation in this reaction (see section 2.8).
As an example of a TN -even CP-odd operator consider in the c.m. frame of the e
+e−:
O1 = (pe − p¯e) · (st − s¯t) = −(~Pe − ~¯P e) · (~St − ~¯St) . (2.33)
Clearly this is TN -even and also C-even. It is P -odd since ~St,
~¯St are axial vectors while ~Pe,
~¯P e
are polar vectors. Thus, since O1 is CP-odd and CPTN -odd, it will have an expectation value if
both CP violation and rescattering effects are present. Consider now the operator
O2 = ǫαβγδpeαp¯eβstγ s¯tδ ∝ (~Pe − ~¯P e) · (~St × ~¯St) . (2.34)
Clearly O2 is TN -odd and C-even but also P -odd. This CP-odd observable can therefore give a
signal of CP violation without the necessity of rescattering effects.
Finally the operator
O3 = ǫαβγδpeαp¯eβ(st − s¯t)γ(pt + p¯t)δ ∝ (~Pe − ~¯P e) ·
[
(~St − ~¯St)× (~Pt + ~¯P t)
]
, (2.35)
is TN -odd, P -even and C-even and so provides a signal of CP-conserving rescattering effects.
Similarly many more operators can be constructed with the symmetries of the above. Some
consideration of the physics to be tested for is helpful in selecting the operator most useful in
measuring possible CP-violating effects. We will consider that in more detail in section 2.6.
2.3 Partial rate asymmetries and the CP-CPT connection
As mentioned in the previous section, one of the most interesting and widely studied observable
for testing CP violation is the difference between the partial width of a reaction, Γ(A→ B), from
that of the conjugate reaction, Γ(A¯→ B¯). Thus, if Γ(A→ B) 6= Γ(A¯→ B¯), then CP is violated
in the decay. In practice, it is better to work with the corresponding dimensionless ratio αPRA
in Eq. 2.27, called the PRA. Its use, specifically in the context of heavy quarks and the SM, first
appeared in [43].
Since the CPT theorem demands that particle and anti-particle have identical life-times (or
total widths), that theorem imposes important restrictions on the form of CP-violating PRA’s;
these were first recognized by Ge´rard and Hou [40].
In perturbative calculations, which lead to PRA’s, if all the diagrams are systematically
included, the requirement of CPT - that the total rate and its conjugate be identical - should
be manifest order by order. The compensating processes should also be evident as the internal
states of loop diagrams. When simplifications are used in such calculations the constraint of the
CPT theorem provides an important consistency check. Furthermore, these restrictions can be
used to greatly facilitate the calculations of the PRA for a compensating process.
A general formalism for maintaining the CPT constrains in calculating PRA’s was given in
[41]. In particular, it was shown that if one defines a partial width difference, into a particular
final state, I, as
∆I ≡ Γ(P → I)− Γ(P¯ → I¯) , (2.36)
where P and P¯ are the decaying particle and its anti-particle, respectively, then equality of total
widths Γ(P ) = Γ(P¯ ) implies
∆I = −
∑
J 6=I
∆J . (2.37)
More specifically, in perturbation theory one can write at a given order
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∆I =
∑
J 6=I
∆I(J) (2.38)
and
∆I(J) = −∆J(I) . (2.39)
Here ∆I(J) denotes a contribution to the partial width difference into the final state I which
is driven by the final state J , and conversely, ∆J(I) is the contribution to the particle width
difference into the final state J being driven by the final state I. Due to Eq. 2.39, summing up
the partial width differences over all the final states one gets∑
K
∆K = 0 , (2.40)
where K runs over all final states, I, J ,. . . Thus the requirements of CPT are automatically
satisfied. Two important conclusions that can also be drawn are:
(a) Rescattering of a state on to itself cannot give rise to PRA. This follows immediately from
Eq. 2.39 by setting J = I.
(b) The knowledge of the PRA into some final state I that is driven by the absorptive cut
across a final state J , can be used to deduce the PRA into the final state J arising over
a corresponding cut across the state I. As mentioned before, such two processes are often
called “compensating processes”.
Let us first illustrate how these considerations apply to PRA’s in b decays. Consider, for
example, the process b → scc¯. The lowest order non-vanishing contribution to the PRA arises
here, at order αs, from the interference of the tree graph in Fig. 1(a) with the penguin graph in
Fig. 1(b) which has an absorptive cut across the u quark line. The compensating process is then
b→ suu¯ where, for this process, the absorptive part, ℑm(loop), is driven by a cut on the c quark
line in the loop. Thus
∆scc¯(suu¯) + ∆suu¯(scc¯) = 0 , (2.41)
where the compensating nature of these two processes is illustrated in Fig. 1(c).
At this point it is instructive to discuss in some detail how the cancellation follows from the
Feynman diagrams combined in Fig. 1(c). Let us denote by Tscc¯, Tsuu¯ the tree-level contributions
to b→ scc¯, b→ suu¯, respectively. Likewise, let us denote by P qscc¯, P qsuu¯ the penguin contributions
to b → scc¯, b → suu¯, respectively, with q = u, c, t being the intermediate quark in the penguin.
We also denote the conjugate amplitudes as T¯scc¯, T¯suu¯, P¯
q
scc¯ and P¯
q
suu¯.
These amplitudes may be represented in terms of their magnitude and phase as follows
Tscc¯ = e
iφc |Tscc¯| T¯scc¯ = e−iφc |Tscc¯|
Tsuu¯ = e
iφu |Tsuu¯| T¯suu¯ = e−iφu |Tsuu¯|
P qscc¯ = e
iφqeiλ
c
q |P qscc¯| P¯ qscc¯ = e−iφqeiλ
c
q |P qscc¯|
P qsuu¯ = e
iφqeiλ
u
q |P qsuu¯| P¯ qsuu¯ = e−iφqeiλ
u
q |P qsuu¯|
(2.42)
Here φq is the CP-odd weak phase which has its origin in the Lagrangian. In particular, the SM
gives φq = arg(VqbV
∗
qs), where Vqb and Vqs are the relevant CKM matrix elements. As can be seen
in Eq. 2.42 this phase changes sign under CP.
The tree-level diagrams in perturbation theory have no additional phase, however the penguin
diagrams will, if the internal qq¯ pair can be on shell [43]. These strong phases do not change sign
under CP and are denoted here by λuq and λ
c
q. Note that in general λ
u
q , λ
c
q will depend also on
the external momenta.
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Figure 1: (a) Tree-level diagram for b→ scc¯, (b) 1-loop (order αs) penguin diagram for b→ scc¯,
and (c) a diagrammatic description for the compensating nature of the contribution from b→ scc¯
and b→ suu¯ to the PRA’s. For b→ scc¯: the dashed line indicates an absorptive cut along inner
particles (uu¯) in the penguin diagram and the solid line refers to an external phase-space cut (cc¯).
For b→ suu¯ the role of the cuts are reversed: the dashed line is the external uu¯ phase-space cut
and the solid line indicates the cc¯ absorptive cut in the penguin contribution.
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In this notation, the partial width differences that appear in Eq. 2.41 are given by the inter-
ference of the tree and penguin amplitudes
∆scc¯(suu¯) =
∫
2
{
ℜe(Tscc¯P u∗scc¯)−ℜe(T¯scc¯P¯ u
∗
scc¯)
}
dPh(b→ scc¯)
= 4
∫
|Tscc¯| |P uscc¯| sin(φc − φu) sin(λcu)dPh(b→ scc¯)
∆suu¯(scc¯) =
∫
2
{
ℜe(Tsuu¯P c∗suu¯)−ℜe(T¯suu¯P¯ c
∗
suu¯)
}
dPh(b→ suu¯)
= −4
∫
|Tsuu¯| |P csuu¯| sin(φc − φu) sin(λuc )dPh(b→ suu¯)
(2.43)
where dPh( ) indicates an integral over the phase-space of the decay.
Referring to Fig. 1(c) we see that the expression∫
|Tscc¯| |P uscc¯| sin(λcu)dPh(b→ scc¯) , (2.44)
is the interference of the absorptive part of P uscc¯ (indicated by the dashed line) with the tree-level
graph (shown to the right of the solid line). It is identical to∫
|Tsuu¯||P csuu¯| sin(λuc )dPh(b→ uu¯s) , (2.45)
since all the couplings are the same and we have just interchanged the role of the internal phase-
space of the uu¯ cut (dashed line) with the external phase-space cc¯ cut (solid line). That is, for
the PRA in the decay b→ suu¯, the dashed line represents the external phase-space cut whereas
the solid line indicates the absorptive cc¯ cut. We thus conclude that
∆scc¯(suu¯) = −∆suu¯(scc¯) , (2.46)
as required.
The same kind of argument may be applied at higher orders in perturbation theory as dis-
cussed in [40] in the case of b decays, and is clearly an elaboration of the discussion above. For
a further discussion of this example in the S-matrix formalism see [41].
Let us now consider the analogous example from top decays. PRA in channels of the type
t → udd¯, cdd¯, . . . (d = d, s or b) arise through interference of the “tree” graph in Fig. 2(a) with
the penguin in Fig. 2(b). Since mt > (mW +mb), the W is on-shell and the W -propagator in
Fig. 2(a) is complex, as the W has an appreciable width. So the diagram shown in Fig. 2(a) has
in fact an imaginary part (indicated by the dashed line) due to theW -width, which can dominate
over the imaginary part of the penguin diagram depicted in Fig. 2(b). In fact, the 2-loop diagram
corresponding to Fig. 2(b) with a “bubble” on the internal W -propagator can dominate over the
1-loop diagram.
The CP-CPT connection has two implications here, discussed by Soares [44]. Firstly, in
calculating the PRA into a given channel such as t→ cbb¯, part of the total W -width that arises
from W → cb¯ must be subtracted away as it represents rescattering of the final state onto itself
(see Eq. 2.38). Numerically the most important consequence here is for the channel t→ udd¯ as
then the process W → ud¯ is not Cabibbo suppressed and indeed contributes about 1/3 to the
W -width.
A second interesting implication of the CP-CPT connection, pointed by Soares [44], in par-
ticular Eq. 2.39, is that the PRA of leptonic decays of the top (e.g., t → deνe) can be deduced
from the PRA into its hadronic decays (e.g., t → dcd¯). In the language of Eq. 2.39 these two
reactions are the compensating processes of each other, i.e., I = dcd¯ and J = de+νe in Eq. 2.39
leading to
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Figure 2: Feynman diagrams contributing to the decays t → udd¯ (d = d, s or b and u = u or c)
and to the decay t → deνe: (a) “Tree-level” diagram for t → udd¯ (with an imaginary part from
the unstable on-shell W), (b) 1-loop (order αs) penguin diagram for t → udd¯, (c) The “real”
tree-level diagram for t→ deνe, (d) 2-loop contribution to t→ deνe with an absorptive cut along
the intermediate du lines, and (e) A diagrammatic description for the compensating nature of the
contribution of the 1-loop×1-loop processes to a PRA in t → udd¯ and the tree×2-loop processes
to a PRA in t→ deνe (see text for discussion).
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∆deνe(dcd¯) = −∆dcd¯(deνe) . (2.47)
The relevant Feynman diagrams that contribute to a PRA in the leptonic top decay t → deνe
are depicted in Fig. 2(c) (tree-level diagram) and Fig. 2(d) (2-loop diagram with an absorptive
cut along the inner du lines). A graphic illustration of how the compensating nature between
the channels t → dud¯ and t → deνe comes about (i.e., Eq. 2.47) is shown in Fig. 2(e). In this
figure the dashed line indicates the absorptive cut that, due to the Cutkosky rule, is responsible
for the FSI phase in the decay t → dud¯, and the solid line indicates the separation between
the two contributing diagrams to the PRA in t → dud¯. Similarly, for the decay t → deνe the
roles of the dashed and solid lines are reversed such that the dashed line indicates the separation
between the two contributing diagrams (shown in Figs. 2(c) and 2(d)) and the solid line represents
the necessary absorptive cut for the PRA in the decay channel t → deνe. Notice that a direct
calculation of the PRA in the leptonic top decays would have required a calculation of a 2-loop
graph (Fig. 2(d)). So this application of the CPT theorem is especially noteworthy as through
Eq. 2.39 the necessary calculation gets simplified to dealing with two 1-loop graphs (namely
Fig. 2(a) and Fig. 2(b)). Unfortunately all the PRA’s resulting from such interferences between
the W -propagator and the penguin are much too small to be of experimental interest, at least in
the SM.
Before we finish this discussion on the CPT constraints on PRA’s, let us emphasize two
important points. First it should be very clear that these constraints are imposed only on a
single CP-violating observable, namely PRA. Indeed, in general, many other (TN -even) CP-
violating observables can be constructed (e.g., energy asymmetry, helicity asymmetry,. . . ) which
are similar to PRA in that they all require CP-conserving FSI phase(s). CPT constraints are
very specific; they do not affect any of these other observables other than PRA. In particular the
stricture of CPT, that the rescattering of a final state onto itself cannot give rise to an asymmetry,
is specific to PRA only. Rescattering of a final state onto itself can give rise to important nontrivial
experimental implications for all other CP-violating observables; rescattering graphs can certainly
cause observable helicity or energy asymmetry. Another way of viewing this situation, in light of
the CPT theorem, is to regard each portion of the phase-space or each polarization as a separate
final state. Thus one portion of phase-space or polarization state can compensate for another.
As a specific example of this, consider the Schmidt-Peskin effect namely the helicity asym-
metry [20]:
∆NLR =
N(tLt¯L)−N(tRt¯R)
all tt¯
(2.48)
induced in the reaction pp→ tt¯+X. Here N(tLt¯L) represents the number of pairs of left-handed
t and left-handed t¯ produced in the inclusive reaction. In a 2HDM with CP-violating phase(s) in
the neutral Higgs sector, a non-vanishing value of αh arises from interference of tree-level diagrams
with 1-loop diagrams involving neutral Higgs exchanges in the loops (see Fig. 47 in Chapter 7).
In this case, the CP-conserving FSI phase required by αh is provided by an absorptive cut which
explicitly arises from tt¯ → tt¯, i.e., rescattering of a final state onto itself. So a very interesting
CP-violating effect, namely the helicity asymmetry in Eq. 2.48 - a CP-odd TN -even observable
(similar to PRA with respect to this classification) - arises from self-rescattering of a final state
(we will return to a more detailed discussion of the Schmidt-Peskin effect in Chapter 7). Thus,
in general, in discussing CP violation phenomena or in calculations of CP violation effects, self-
rescattering graphs should not automatically be discarded, unless of course one is specifically
calculating PRA’s. In particular, for the specific case discussed above, we may regard tLt¯L and
tRt¯R as compensating final states.
An important, although somewhat obvious consequence is that even when PRA’s are van-
ishingly small or exactly zero, other CP-odd observables can be non-vanishing and can have
interesting observational consequences.
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Another interesting example arises from CP-violating phase originating from a charged Higgs
sector, as in the Weinberg model [45] with three doublets of Higgs fields. Important CP-violating
effects arise, for example, in the leptonic decay t → bτντ from the interference of the SM graph
(with W exchange) with the tree-level charged Higgs exchange graph (see Figs. 22(a) and 22(c)
in Chapter 5).
For this case, let us first consider the PRA
ατ =
Γ(t→ bτν)− Γ(t¯→ b¯τ¯ ν¯)
Γ(t→ bτν) + Γ¯(t¯→ b¯τ¯ ν¯) . (2.49)
For simplicity, let us assume that mH+ > mt; then a CP-conserving absorptive part required for
ατ arises from theW -boson “bubble” which contains all possible states other than τντ as required
by CPT. However, because of the spin zero nature of the Higgs theW+-H+ interference has non-
vanishing contributions only for the scalar part of the W . This argument is most readily seen if
one uses the Landau gauge for calculating this interference (for more details see Chapter 5). In
that case, the scalar and vector components of theW propagator are cleanly separated according
to their total angular momentum. Thus, graphs which pass through a vector W intermediate
state will not interfere with graphs that pass through a Higgs state. The Higgs must therefore
interfere only with the Goldstone propagator which corresponds to the decay of longitudinal
W into fermion pairs cs¯, ud¯, eνe. . . which are all suppressed by powers of the fermion masses.
Furthermore, the Goldstone propagator shows none of the resonance enhancement associated with
the vector component. Thus the cs¯ is the most important contributor to the scalar component
of the W -boson “bubble”. The τ ν¯ and cs¯ can be thought of as the compensating processes. So,
in fact, the PRA goes as
ατ ∼ m
2
c
m2t
m2τ
m2t
ΓW
mW
, (2.50)
and is extremely small [46].
However, as already mentioned before, just because PRA is vanishingly small does not,
though, mean that there are no CP violation effects. Indeed, very important and large CP-
violating asymmetries may arise in the decay t→ bτντ . First of all, one can construct an energy
asymmetry:
αE =
〈Eτ 〉 − 〈Eτ¯ 〉
〈Eτ 〉+ 〈Eτ¯ 〉 . (2.51)
That is, compare, e.g., the average energy of the τ in t→ bτν with that of the τ¯ in t¯→ b¯τ¯ ν¯. Then
αE will not suffer from the helicity suppression or constraints of CPT on ατ and one expects
αE
ατ
∼ m
2
t
m2c
m2t
m2τ
, (2.52)
as explicit calculations confirm.
Indeed, a CP-violating asymmetry even bigger than the energy asymmetry, namely the trans-
verse polarization asymmetry of the τ , resides in thisW+-H+ interference. In fact, the transverse
polarization asymmetry is enhanced by another factor of mt/mτ compared to the energy asym-
metry as is shown in section 5.1.3.
2.4 Resonant W effects and CP violation in top decays
The large mass of the top (mt ≃ 174 GeV) means that it decays to a three-body final state
primarily through an on-shellW . This fact is of particular interest in the study of CP violation in
such decays since there will be a large strong (i.e., CP-even) phase inherent in thisW -propagator.
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In particular, since the W -width is substantial (ΓW ∼ 2 GeV), the transverse modes of the
W are controlled by the Breit-Wigner propagator
GT =
1
q2W −m2W + imWΓW
, (2.53)
which will have a substantial strong phase.
The enhancement of the imaginary part of GT is evident by considering that, at q
2
W = m
2
W ,
|ℑm(GT )| = (mWΓW )−1 . (2.54)
The real part swings through 0 at this point but in the vicinity of the resonance it will also be
large. For instance, if |q2W −m2W | = mWΓW , then
|ℜe(GT )| = (2mWΓW )−1 . (2.55)
Since ΓW ∼ O(α) this means that near q2 → m2W both the real and imaginary parts of the
amplitudes for decays such as t→ bud¯, bcb¯, . . . behave as if they are O(1) in the gauge coupling
constant. This phenomena is what we mean by “resonance enhancement”. The imaginary part
here then provides the needed absorptive part (i.e., FSI phase) to lead to enhancement of CP-odd
TN -even observables. Likewise, near q
2 ∼ m2W , the real part can magnify the effect of CP-odd
TN -odd observables.
The basic idea of FSI phase driven by particle widths in decays was discussed in [47] (see also
[48]). Although originally the discussion [47] took place in the context of the SM in conjunction
with the CKM phase, it should be completely clear that they can be equally well used with
non-standard sources of CP violation. Indeed, as dealt in section 5.1.3, the W -resonant effects
provide a significant enhancement of TN -even and TN -odd CP-violating effects in top decays in
the context of an extended Higgs sector.
2.5 Effective Lagrangians and observables
One tool that is often used to catalog the effects of new physics at an energy scale, Λ, much
higher than the electroweak scale, is the effective Lagrangian (Leff ) method. If the underlying
extended theory under consideration only becomes important at a scale Λ, then it makes sense
to expand the Lagrangian in powers of Λ−1 where the Λ0 term is the SM Lagrangian and the
other terms are the effective Lagrangian terms.
Simple dimensional arguments tell us that the operator which multiplies Λ−n must be of
dimension n + 4. This restriction together with symmetry considerations implies that at each
order in Λ−1 there are only a finite number of possible terms. Conversely, this implies that
experimantal tests for the existence of specific terms in Leff is a relatively model independent
[49] way to search for new physics.
Here we are interested in top quark physics which violates CP and so, in the effective La-
grangian approach, the operators of interest are further restricted. For example, in Chapter 4 we
discuss the top electric dipole moment (and related effects) which can arise from a dimension 5
term in the effective Lagrangian:
L[5]eff ∝ t¯σµνγ5tFµν . (2.56)
At dimension 6, photons can interact with the top quark via a CP-violating operator such as
L[6]eff ∝ (t¯γ5t) (FµνFµν) , (2.57)
which could arise, for instance, via a SUSY box diagram.
Let us now consider as a specific example effective Lagrangian terms which would contribute
to the process gg → tt¯. It is useful to recall that in such an expansion, operators that are
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proportional to the QCD equations of motion for the top or the gluon fields may be eliminated
by a field redefinition and are therefore redundant [49].
There are a number of requirements that an operator has to satisfy for it to be relevant to
CP violation in top production in hadronic collisions. These are:
1. It must violate CP.
2. Its Feynman rules must include couplings to two or fewer gluons.
3. It must not be proportional to q2 of one of the on-shell gluons in the initial state.
The need for the first requirement is clear. The second requirement is present since the events
in question have two gluons in the initial state and no gluons in the final states. If one wanted
to consider experiments where additional gluon jets were detected in the final state, clearly one
would have to generalize this requirement.
In constructing a basis of operators which satisfy the above conditions it can be shown that
[50] one can eliminate, without loss of generality, any operator which is equal to 0 modulo the
equations of motion. Equivalently, if the difference of two operators is 0 modulo equations of
motion, then only one need to be included.
Here is a set of operators that we choose which satisfy the requirements mentioned above and
are of dimension six or less
Oa = t¯ i[
1
2
fa(− ⊓⊔)Fµνi ]σµνγ5T i t ,
Ob = t¯ i[fb(− ⊓⊔)Fµνi F iµν ]γ5 t ,
Oc = t¯ ǫαβγδ[fc(− ⊓⊔)Fαβi F γδi ] t , (2.58)
Od = t¯ i[fd(− ⊓⊔)Fµνj F kµν ]γ5dijkT i t ,
Oe = t¯ ǫαβγδ[fc(− ⊓⊔)Fαβj F γδk dijk]T i t ,
where F ’s are the gluon field strength tensor, ⊓⊔ = DµDµ, the analytic functions fa, . . . , fe are
form factors and T i = λi/2, λi being the Gell-Mann color matrices. Note, that in general, higher
order terms in ⊓⊔ will imply the existence of couplings to additional numbers of gluons.
As an illustration, let us consider further the operator Oa. This operator essentially corre-
sponds to the Chromo-Electric Dipole Moment (CEDM) form factor. The experimental implica-
tions of the static analog of this quantity were considered in [22]. We can expand the operator
to obtain the Feynman rule. The vertex for the one gluon interaction is
ifa(q
2)t¯σµνγ5T
jtqµǫ
j
ν , (2.59)
here ǫµ is the polarization vector of the gluon. This is completely analogous to the EDM form
factor. However Oa now also gives rise to a two gluon coupling given for on-shell gluons by
gst¯σ
µνγ5T
itF ijk
[
ha(q
2)ǫj1µǫ
k
2ν
+
[
ha(q
2)− ha(0)
q2
]
(q2 · ǫj1q2µǫk2ν − q1 · ǫk2q1µǫj1ν)
]
, (2.60)
where q = q1+q2. Note that the second term that appears is needed to maintain gauge invariance.
An important feature of fa (as well as of the other form factors) is that the constant piece
fa(0) must be real while, at q
2 6= 0, fa may have an imaginary part due to the possibility of
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thresholds giving rise to absorptive pieces. Indeed these type of effects have also been considered
in some particular extensions of the SM (see Chapter 4).
The phenomenology of the static CEDM (i.e., for q2 ≃ 0) was considered extensively in [22].
It was shown that in a hadron collider with ∼ 107 tt¯ pairs, both of which decay leptonically, a
precision of about 5× 10−20 gs-cm for fa(0) could be achieved. We can extend this consideration
with a simplifying assumption that fa is approximately constant above the tt¯ threshold. We can
then introduce the quantity f ′ = fa(4m2t )− fa(0). With this assumption and approximation we
find that, under ideal conditions, ℜe(f ′) and ℑm(f ′) can also be measured to a precision of about
(2–3) × 10−20 gs-cm.
The Weinberg model with an extended Higgs sector provides a specific example of non-
standard physics where one can study this general feature of the operator analysis above. We
recall that the source of CP violation now are the charged Higgs exchanges (see section 3.2.4).
Since Oa is the only operator which gives a one gluon Feynman rule, the electromagnetic form
factor calculated in [18] is the quantity fa except for the replacement of gs with e, the electric
charge. The result of that reference is that thus far QCD yields a limit around 5× 10−20 gs-cm.
In that work it is also explicitly shown (see Chapter 4) that the q2 dependence is rather mild.
Furthermore, above threshold the ℑm(fa) was also shown to have roughly the same ball park
value. Thus, studies at a hadron collider could exhibit CP-violating signals although admittedly
the experimental challenges are formidable.
Another useful way to characterize the amplitude for gg → tt¯ is to express it in terms of form
factors. There are three possible color structures which such an amplitude can have. If A, B are
the color indices of the gluon and i, j the indices of the t and t¯, these color structures are
∆ = δABδij ,
D = dABCTCij , (2.61)
F = fABCTCij .
Let us define Pg1, Pg2 to be the momenta of the gluons and Pt1, Pt2 to be the momenta of the
t, t¯ quarks respectively. Let us further define the variables
s = (Pg1 + Pg2)
2, t = (Pg1 − Pt1)2, u = (Pg1 − Pt2)2
z = (t− u)/(s − 2m2t ) (2.62)
Let E1 and E2 be the polarizations of the gluons in a gauge where E1 · P2 = E2 · P1 = 0.
Here, we are interested in amplitudes which violate CP. These amplitudes must also be sym-
metric under the interchange of the two gluons. The helicity amplitudes which satisfy these
conditions are
an1 = f
n
1 (s, z
2)(E1 ·E2)(t¯γ5t)[D,∆, Fz]
an2 = f
n
2 (s, z
2)(ǫµνσρE
µ
1E
ν
2P
σ
g1P
ρ
g2)(t¯t)[D,∆, Fz]
an3 = zf
n
3 (s, z
2)(ǫµνσρ)E
µ
1E
ν
2P
σ
t1P
ρ
t2(t¯t)[D,∆, Fz]
an4 = zf
n
4 (s, z
2)Eµ1E
ν
2 (t¯σµνγ
5t)[D,∆, Fz]
an5 = f
n
5 (s, z
2)(ǫµνσρE
µ
1E
ν
2 (Pg1 + Pg2)
σ)(t¯γρt)[D,∆, Fz] (2.63)
where fi is a function of s and z
2 and the notation [D,∆, Fz] means that the term may be
multiplied by any of these color structures, the index n = 1, 2, 3 respectively depending on which
of these color structures apply.
As an explicit example, at tree-level, the CEDM operator discussed above will contribute to
the amplitude a34.
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Figure 3: Feynman diagram describing the process e+e− → tt¯ followed by the tt¯ decays t →
bW+ → bℓ+νℓ and t¯→ b¯W− → b¯ℓ−ν¯ℓ.
2.6 Optimized observables
Due to the exceedingly short life-time of the top quark, measurement of its couplings requires
considering top production and decay simultaneously. Consider, for example, the production and
decay of tt¯ in e+e− annihilation (see Fig. 3),
e+(p+) + e
−(p−)→ t(pt) + t¯(pt¯) , (2.64)
with
t(pt)→ b(pb) +W+(pW+) , (2.65)
and
t¯(pt¯)→ b¯(pb¯) +W−(pW−) . (2.66)
Indeed each of the W± also decays leptonically or hadronically (i.e., into jets). Thus
W+(pW+) → ℓ+(pℓ+) + νℓ(pν) ,
W−(pW−) → ℓ−(pℓ−) + ν¯ℓ(pν¯) , (2.67)
W± → j1(pj1) + j2(pj2) .
This allows one to construct a multitude of observables, involving momenta of the initial beam
and various decay products, to probe the presence of anomalous vertices in the top interactions.
The case of the CP violating dipole moment interactions is especially interesting to this work.
Such anomalous terms could occur at the t¯tγ, t¯tZ or t¯tg vertices corresponding to electric, weak
or chromo-electric dipole moment of the top quark. Of experimental interest are the values of
the corresponding form factors at q2 = s, the square of the c.m. energy rather than the moments
(q2 = 0) themselves. It is possible, therefore, that the form factor is complex. The real and
imaginary parts can thus lead to distinct experimental effects.
Two examples of simple (or “naive”) observables that can be used to probe the presence of
imaginary part of the dipole moment form factor are
〈Eℓ+〉 − 〈Eℓ−〉
〈Eℓ+〉+ 〈Eℓ−〉
, (2.68)
〈Eb〉 − 〈Eb¯〉
〈Eb〉+ 〈Eb¯〉
. (2.69)
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Examples of simple (or “naive”) observables that probe the presence of the real part of the dipole
moment form factor are
〈ǫµνρσpµℓ+pνℓ−pρbpσb¯ 〉
(pℓ+ · pℓ−pb · pb¯)1/2
, (2.70)
(pxℓ+p
y
ℓ− − pyℓ+pxℓ−) sgn (pzℓ+ − pzℓ−)
(pℓ+ · pℓ−)1/2
. (2.71)
The ability to polarize the electron beams at a future e+e− collider (e.g., the NLC) allows us to
construct additional observables involving beam polarization. Clearly, while many observables
can be constructed to probe the dipole moment, we may ask whether it is possible to construct an
“optimal observable” i.e., one which will be the most sensitive or will have the largest “resolving
power”. A general procedure for constructing an optimal observable was given in [16]. Here we
will briefly review the method.
Let us write the differential cross-section as a sum of two terms
Σ(φ) = Σ0(φ) + λΣ1(φ) , (2.72)
where λ is a parameter (e.g., dipole moment or magnetic moment form factor) and φ is some
phase-space variable (including angular and polarization variables).
For an ideal detector that accurately records the value of φ for each event that occurs, any
method for determining the value of λ amounts to weighting the events with a phase-space-
dependent function f(φ) which we assume is CP-odd. Let us define
f (1)(λ) =
∫
f(φ)Σ(φ)dφ . (2.73)
Thus the change due to the contribution from the presence of λ is
f (1)(λ) = λ
∫
f(φ)Σ1(φ)dφ ≡ λf (1)(λ = 1) . (2.74)
f (1)(λ) then has to be compared to the error in its measurement. If n events are recorded, the
error is
∆f =
f (2)σ −
(
f (1)(λ)
)2
nσ2

1/2
≈
[
f (2)
nσ
]1/2
, (2.75)
where
σ =
∫
Σdφ =
∫
Σ0dφ , (2.76)
is the total cross-section and
f (2) =
∫
f2Σdφ =
∫
f2Σ0dφ . (2.77)
Note that f (1)(λ) ∝ λ but f (2) and σ do not depend on λ to first order; we will assume that
λ is sufficiently small so that the above approximation is valid as well as f (2)σ >>
(
f (1)(λ)
)2
.
We now introduce the “resolving power”, R, which measures the effectiveness of an operator for
determining λ. For the function f , R is defined as
R =
1
nσ2λ2
(
f (1)(λ)
)2
(∆f)2
=
(f (1)(1))2
f (2)σ
. (2.78)
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The statistical significance S, with which the presence of a nonzero value of λ may be ascertained,
is given by
S =
f (1)(λ)
σ∆f
= λ
√
nR . (2.79)
Thus the larger R is the more effective f(φ) is for measuring λ. Clearly one would like to choose
a function f(φ) to determine λ for which R is maximal.
A special case of such observables are asymmetries, which are observables where f(φ) = ±1.
For such observables f (2) = σ so (see Eq. 2.78),
R = (f (1)(1))2/σ2 = 〈f〉2/λ2 . (2.80)
In this case it is conventional to denote for an asymmetry f
〈f〉 = αf , (2.81)
so that Eq. 2.79 becomes
S = |αf |
√
n . (2.82)
Thus the quantity λ
√
R is the natural generalization of |αf | for more general observables among
which we would like to find the optimal one, i.e., that which maximizes the value of R and
therefore also the statistical significance with which it can be measured.
In order to define such an optimal function (i.e., fopt) it is useful to decompose an arbitrary
function f as [16]:
f = A
Σ1
Σ0
+ fˆ , (2.83)
where A is defined as
A =
∫
fΣ1dφ∫ Σ21
Σ0
dφ
. (2.84)
Since rescaling f does not change the value of R we can take A = 1. If we now expand the
definition of R to lowest order in λ and use the above decomposition we get
σR =
| ∫ fΣ1dφ|2∫
f2Σ0dφ
=
| ∫ Σ21Σ0 dφ|2∫ Σ21
Σ0
dφ+
∫
fˆ2Σ0dφ
. (2.85)
Since the two terms in the denominator are each positive it is clear that R is maximal when
fˆ = 0. Thus, from Eq. 2.83,
f = fopt =
Σ1
Σ0
, (2.86)
maximizes R.
Another way to understand this derivation of fopt is to introduce the concept of a vector space
as the set of all functions on which we define the scalar product
g1 · g2 =
∫
g1(φ)g2(φ)Σ0(φ)dφ , (2.87)
where g1,2 are functions of φ. If we denote f0 = Σ1/Σ0 then in this notation Eq. 2.85 may be
rewritten as
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σR = (f · f0)2/f · f . (2.88)
Thus R is maximized when f = f0 = fopt.
Let us first illustrate these consideration with a toy example. Consider a 2 → 2 scattering
process where the differential cross-section takes the form
dσ
dξ
= A+Bξ + Cξ2 , (2.89)
where ξ = cos θ and B,C ≤ A. According to the preceding discussion, the function most sensitive
to B is fB = ξ. Thus explicitly we find σ = 2A+
2
3C, f
(1)
B =
2
3B, f
(2)
B =
2
3A+
2
5C. Using Eq. 2.78,
the resolving power for the optimum choice (fB = ξ) is
R(fB) =
1
B2
[
∫ 1
−1Bξ
2dξ]2∫ 1
−1Adξ
∫ 1
−1Aξ2dξ
=
1
3
1
A2
. (2.90)
Suppose we consider measuring B via another function, which has the same symmetry properties
as fB and is defined as:
gB(ξ) =
+1
−1
if ξ > 0
if ξ < 0
. (2.91)
Then one gets g
(1)
B = B, g
(2)
B = 2A+
2
3C, so that R(gB) =
1
4
1
A2 , which is not as good as R(fB).
Generalizations
This simple method outlined above for an optimized observable has been widely used and a
useful generalization has been proposed by Gunion, Grzadkowski and He [51].
In general, we will assume that the differential cross-section can be expressed as
Σ(φ) ≡ dσ
dφ
=
∑
i
cifi(φ) , (2.92)
where ci are model-dependent coefficients and fi(φ) are known functions of the final state phase-
space variable(s), φ. Thus, ci may be couplings; some or all of which one is trying to extract
from experimental data. So, in analogy, with the discussion above, the task is to find an optimal
choice for the functions fi(φ) such that, with a fixed set of data, ci can be deduced with maximal
statistical precision.
The coefficients ci can be extracted by using the appropriate weighting functions wi(φ) such
that
∫
wi(φ)Σ(φ)dφ = ci. As in the special example of the electric dipole moment discussed
above, in general, there are an infinite number of choices for wi(φ) that satisfy this condition
which is equivalent to ∫
wi(φ)fj(φ)dφ = δij . (2.93)
It can be shown [51] that minimizing the statistical error is equivalent to finding the stationary
point of
∫
wiwjΣ(φ)dφ. In other words, solving
δ
∫
wi(φ)wj(φ)Σ(φ)dφ = 0 , (2.94)
subject to the condition in Eq. 2.93. The solution to this condition is
wi =
∑
j Xijfj(φ)
Σ(φ)
, (2.95)
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where Xij =M
−1
ij and
Mij ≡
∫
fi(φ)fj(φ)
Σ(φ)
dφ . (2.96)
The desired coefficients, ci, are then given by
ci =
∑
k
XikIk =
∑
k
M−1ik Ik , (2.97)
where
Ik ≡
∫
fk(φ)dφ . (2.98)
It follows that with this method of determining ci, the covariance matrix is
Vij ≡ 〈∆ci∆cj〉 =M−1ij σT /N , (2.99)
where σT is the total cross-section and N = LeffσT is the total number of events, with Leff
being the effective luminosity, i.e., luminosity times the efficiencies.
It is important to note that since the entire method has to be implemented numerically
utilizing experimental data, experimental cuts and efficiencies can be incorporated. Indeed the
method has the additional virtue that, due to its generality, it can be applied to only a subset φˆ
of the kinematic variables that can be determined if some (say φ¯) among the total of φ cannot
be determined. Situations such as this can occur due to experimental limitations. For example,
in the case of the important reaction e+e− → tt¯H0, H0 = neutral Higgs, to fully define a point
in phase-space one must be able to identify the momenta of the t and the t¯ and have no more
than one invisible particle. This requires the use of those final states in which one top decays
leptonically and the other hadronically so that the t and t¯ are reconstructible. If this can be
done, then this case corresponds to all the kinematic variables φ being determined.
On the other hand, for those events in which the t, t¯ both decay purely hadronically or both
decay leptonically then the situation corresponds to only a part (φˆ) of the kinematic variables
being determined. The technique for optimization can then be applied by using the subset of
variables, φˆ, that can be observed. The functions to be used can now be defined as
fˆi(φˆ) ≡
∫
fi(φ)dφ¯ . (2.100)
Then the entire procedure above can be used in conjunction with these functions fˆ . In fact, the
method should work even if one or more of fˆ are zero. For example, for the reaction e+e− → tt¯H0,
if experimentally one is unable to distinguish t and t¯ then the fk(φ) that is a CP-odd function of
the variables φ reduces to fˆk = 0.
The simple method, first suggested in [16], for extracting the dipole moment of the top quark
has been extensively applied with appropriate modifications to deduce e.g., dipole moments of
[52] τ (from Z → τ+τ−), for determination of the three gauge-boson couplings in e+e− →
W+W− [53], CP-violating phase(s) in b decays [54] as well as in tt¯H0 production [55]. Many of
these studies explicitly showed that optimized observables can be very effective, often yielding
improvements over the “naive” operators by as much as an order of magnitude.
The generalization discussed in [51] was originally used specifically to study the reaction
e+e− → tt¯H0. It demonstrated extraction of the tt¯H0 and ZZH0 coupling a, b, and c from the
interaction terms:
tt¯H0 : t¯(a+ ibγ5)t , (2.101)
ZµZνH
0 : cgµν , (2.102)
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respectively. An important consequence in this application is that the CP nature of a Higgs
particle, i.e., whether it is CP-odd or CP-even, may well be deducible from studies of some
momenta correlations in e+e− → tt¯H0.
We will discuss in greater detail the applications of this method, i.e., optimization of observ-
ables, to the top dipole moments (see sections 6.1.1, 7.2.1 and 8.1.4) and to e+e− → tt¯H0 (see
section 6.2) in this review.
2.7 The naked top
The large mass of the top quark makes it significantly different from all the other quarks in many
important ways. Since mt ∼ 174 GeV the top readily undergoes two-body weak decays
t→ b+W , (2.103)
with Γ ∼ 1 GeV. The top life-time, Γ−1 ∼ 1 GeV−1, is therefore much shorter than the “strong
interaction time scale” ∼ 1/ΛQCD ∼ 10 GeV−1. As a result, the top quark, in complete contrast
to all the other quarks, cannot appear in traditional bound states [15]. Studies of this “naked
top” are therefore not masked by the difficult non-perturbative effects of the so-called “brown
muck”. Thus we should think of the top-quark as an elementary fermion; we can, for instance,
try to study its anomalous magnetic moment, i.e., (g − 2)top and even more importantly its
electric dipole moment [16, 17, 18]. The magnetic moment receives a large contribution from
QCD and other SM interactions but the electric dipole moment is CP-violating and cannot arise
at least to 2-loop order in the SM [56] and so is expected to be extremely small (<< 10−27 e-cm).
Non-standard sources of CP violation can cause this to be significantly bigger to the point that
it may well be measurable.
Now, generically, the electric dipole moment and its generalization to other gauge fields (i.e.,
the corresponding weak and chromo-electric dipole moments) is an interaction of the type σt ·E,
i.e., the top spin with an external gauge field (photon, Z or gluon). Therefore, determination of
the dipole moment understandably involves tracking the top spin. Fortunately this is possible
for the top quark, just because it does not bind, even though it is notoriously difficult to track
the spin of b or the other quarks. As we shall see spin tracking provides an extremely important
tool for studying all aspects of CP violation in the top system, not just for probing its electric
dipole moment.
2.8 Elements of top polarimetry
Decays of the top quark are very effective analyzers of its spin. It is indeed useful to introduce
the notion of the “analyzing power” of a decay. The analyzing power (ǫAt ) measures the degree
to which the momentum of a decay product (A), in the reaction t→ A+ anything, is correlated
with the top spin. For an angular distribution given by
dΓ
d cos θA
= a
(
1 + ǫAt cos θA
)
, (2.104)
we can define ǫAt in terms of the expectation value of cos θA
ǫAt = 3〈cos θA〉 , (2.105)
where θA is the angle between ~pA and the spin of the top (~St) in the top rest frame. Using the
optimal observable introduced in section 2.6, it should be clear that with a distribution such as
in Eq. 2.104, the best way to determine the polarization of the top is to experimentally measure
〈cos θA〉.
Using this method, it follows that the number of top decays that needs to be observed to
determine the top polarization to within 1-σ is given by
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N
(1σ)
t =
3[
ǫAt Πt
]2 , (2.106)
where Πt is the polarization of the top quark,
Πt ≡ N(↑) −N(↓)
N(↑) +N(↓) , (2.107)
N(↑) being the number of top quarks with spins along the positive z axis. Here are three concrete
handles on the top spin:
1. Leptonic decays t → bℓ+νℓ are the best analyzers, i.e., ǫℓt = 1 for the correlation between
~pℓ and Πt. Consider the decay chain t → bW+ → be+νe. In the limit that the b quark is
massless, the V-A nature of the weak interaction forces all the particles in the final state
to be left-handed. Thus the amplitude for the top-quark decay is proportional to factors of
fermion spins times [22]:
[u¯bγµ(1− γ5)ut] [u¯νγµ(1− γ5)ve] . (2.108)
On Fierz transformation this becomes
1
2
[u¯b(1 + γ5)u
c
ν ] [v¯
c
e(1− γ5)ut] , (2.109)
where uc = Cu¯T , C being the charge conjugate matrix. This implies that, in the rest frame
of the top quark, the top spin is in the direction of the positron three-momentum. This
statement is true in the same sense that in the decay τ− → π−ντ the τ is polarized in the
direction of the π momentum. Thus, for a top fully polarized in the z-direction, the angular
distribution of the positron is ∝ (1 + cos θe), hence ǫet = 1.
2. For hadronic decays of the W , if the momentum of the W can be determined, then it is
easy to see that
ǫWt =
m2t − 2m2W
m2t + 2m
2
W
≃ 0.4 . (2.110)
This reflects the fact that the W -momentum is an imprecise indicator of the d¯ type jet in
the decay W+ → d¯u. Here the d¯ jet plays the same role as the e+ in the previous case.
3. From the above two points, it should be clear that we can increase ǫ from 0.4 to 1 if we
can identify the d¯-type jet, which plays the role of the e+. Since this jet is one of the two
that reconstructs to the W in method 2 we are approximating it with the W -momentum.
In the limit that mt is much greater than mW , the two quark jets would coincide with the
W -momentum and ǫWt → 1; however, with the given top mass, the result is far from this
limit.
In some cases one could determine which jet was the d¯-type one by detailed examination
of the decay products. This may be feasible for the case of a b-jet. However, b-jets are
highly suppressed in W decay so we will not consider this possibility further. Probably
such methods will not offer significant improvements over the above.
On the other hand, we have not exploited the full information available in the kinematics
of the decay. It was suggested in [57] that the energy distribution of the two jets could give
additional information concerning which is the desired d¯-jet. In particular, inW+ → d¯u, the
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d¯-jet is on the average less2 energetic than the u-jet: and so, if we take the polarization to be
in the direction of the less energetic of these two jets, one would expect some improvement.
Indeed, in this case we obtain
ǫlow energy jett ≃ 0.5 . (2.111)
Further, if one uses the optimization methods discussed in section 2.6 but restricts the ex-
perimentally available information to quantities which are symmetric under the interchange
of the two jets, then one can improve this further
ǫoptt ≃ 0.63 , (2.112)
which represents the best result that can be obtained without knowing the identities of the
two W -jets.
2In passing we wish to mention that while we find the d¯-jet to be on average less energetic then the u-jet, Ref.
[57] found it to be the other way around.
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3 Models of CP violation
In this chapter we describe the key features of CP violation in the SM and in some popular models
beyond the SM such as MHDM’s (Multi-Higgs Doublet-Models) and SUSY models. In doing so,
we emphasize the relevance of the new CP-violating phases that appear in these models, to top
quark physics.
3.1 CP violation and the Standard Model
In the SM, CP violation emanates from a CP-odd phase in the CKM matrix [4] which influences
directly only the quark sector [58]. In this section we will briefly describe the properties of this
flavor mixing CKM matrix.
3.1.1 General remarks
The ElectroWeak (EW) Lagrangian of the SM can be symbolically written in the form (for
notation, see e.g., [59]):
L = L(f,G) + L(f,H) + L(G,H) + L(G) + V (H) , (3.1)
where: f=fermions (quarks, leptons) ,
G=gauge-bosons ( ~W and B) ,
H=the Higgs doublet.
The Lagrangian in Eq. 3.1 is constructed so that it is invariant under the local (space time
dependent) symmetry group SU(2)L × U(1)Y .
The purpose of this section in not to review the structure of this Lagrangian but rather to
explore the salient features of its CP-violating part. We will therefore present a self-contained
discussion only of its CP-nonconserving pieces.
All CP violation in the SM originates from the term L(f,H). The hadronic part of this term
is given by
Lh(f,H) =
N∑
j,k=1
{
Y ujk(q, q
′)jL
(
φ0∗
−φ(−)
)
qkR + Y
d
jk(q, q
′)jL
(
φ(+)
φ0
)
q′kR + h.c.
}
, (3.2)
where we introduced the multiplets of the quark weak eigenstates(
qjL
q′jL
)
, qjR, q
′
jR , j = 1, 2, . . . , N , (3.3)
and
qR =
1 + γ5
2
q , qL =
1− γ5
2
q . (3.4)
Also, j, k are family indices, N denotes the number of families and Y ujk, Y
d
jk are the Yukawa
couplings, which are arbitrary complex numbers. In our discussion we will consider N = 3 corre-
sponding to the SM with the three known families of fermions. This Lagrangian has no fermion
mass term; fermion masses must therefore be induced by Spontaneous Symmetry Breaking (SSB)
of the SU(2)×U(1) symmetry of the scalar potential term V (H). In the broken state, the scalar
doublet assumes a Vacuum Expectation Value (VEV) and thus one obtains the mass terms Mu
and Md of the charge 2/3 and charge −1/3 quarks, respectively, for the weak eigenstates of the
SU(2)L × U(1)Y gauge theory (i.e., q¯iRMuijqjL and q¯′iRMdijq′jL). These quark mass matrices are
related to the Yukawa couplings via
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Muij =
v√
2
Y uij , M
d
ij =
v√
2
Y dij , (3.5)
where v is the VEV of the Higgs doublet. In general the mass matrices Md,u are not hermitian,
and each one depends on 9 complex unknown parameters. Since an arbitrary matrix M can be
written as M = Hu, with H hermitian and u unitary, there exists a field redefinition such that
Mu and Md are hermitian, i.e., that Mu = Mu† and Md = Md† [60]. A unitary transformation
on the u and d quark fields gives the physical basis where the mass matrices are diagonal
U †RM
uUL = diag(mu,mc,mt) , (3.6)
D†RM
dDL = diag(md,ms,mb) , (3.7)
where UR, UL, DR and DL are unitary matrices that relate the weak eigenstates to the physical
eigenstates. It is worth mentioning already at this point that all CP violation in the SM emanates
from the apparent mismatch between the gauge and mass (physical) eigenstates of the quark fields.
For the physical states thus defined, there is no longer an exact SU(2) identity between the
left handed d and u quarks (since they are no longer the gauge eigenstates). To see this, write
the Lagrangian in terms of the physical fields and drop the numerical factors and the coupling
constants. Thus one is left with the CP-violating charge current terms
XC =W
+
µ J
µ
C + h.c. , (3.8)
where W+ is the charged, spin 1, SU(2) vector-boson and
JµC = (u¯, c¯, t¯)Lγ
µV
 ds
b

L
. (3.9)
Here u, c, t, d, s and b are the quark mass eigenstates. The 3× 3 unitary matrix V will therefore
be the product of the unitary diagonalizing matrices since
V = U †LDL ≡
Vud Vus VubVcd Vcs Vcb
Vtd Vts Vtb
 . (3.10)
Expressing the fermions in this basis, the term XC is the one where all the CP violation in the
SM resides. We will therefore consider the properties of V in some detail.
CP conservation requires the matrix V to be real up to a trivial rephasing of the quark fields.
In general, for 3 families of quarks it can be specified by 18 complex parameters of a general 3×3
unitary matrix. However, 9 of these 18 parameters are eliminated by the unitarity constraints
V †ikVkj = δij , therefore we are left with only 9 free parameters. Moreover, there is a freedom to
absorb 5 phases into 5 out of the 6 left handed fields [61]:
qL → eiα(qL)qL . (3.11)
Thus 5 more degrees of freedom can be removed. Therefore, one is left with only 4 physically
independent parameters upon which V depends. These four can then be parameterized in terms
of three Euler-type rotation angles and one CP-violating phase. Note that these four angles
cannot be predicted within the SM and have to be deduced from experiment (see below).
In the parameterization that is called “standard” [11]:
VCKM =
 c12c13 s12c13 s13e−iδ13−s12c23 − c12s23s13eiδ13 c12c23 − s12s23s13eiδ13 s23c13
s12s23 − c12c23s13eiδ13 −c12s23 − s12c23s13eiδ13 c23c13
 . (3.12)
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where, as usual, cij = cos θij, sij = sin θij; the indices 1, 2, 3 are “generation” labels and δ13 is
the phase.
With the advent of the b-quark lifetime measurements in 1983 [62], Wolfenstein [63] made the
important observation that the magnitude of the CKM elements exhibit a specific hierarchical
structure. The parameterization proposed by Wolfenstein uses the Cabibbo angle, s12, as an
expansion parameter making this hierarchy manifest by rewriting the matrix in terms of the 4
parameters, λ, A, ρ and η. These are defined as
s12 = λ, s23 = Aλ
2, s13e
−iδ13 = Aλ3(ρ− iη) .
We then arrive at the Wolfenstein representation for the 3× 3 matrix [64, 65]:
VWolf =
 1− λ22 − λ48 λ Aλ3(ρ− iη)−λ + A2λ5
2
(1 − 2ρ)− iA2λ5η 1− λ
2
2
− λ4
(
1
8
+ A
2
2
)
Aλ2
Aλ3
[
1 −
(
1 − λ
2
2
)
(ρ + iη)
]
−Aλ2
(
1− λ
2
2
)
[1 + λ2(ρ + iη)] 1 − A
2
λ
4
2
+O(λ6) . (3.13)
For most purposes, a simpler form, with truncation to order λ4 suffices [63]:
VWolf =
 1−
λ2
2 λ Aλ
3(ρ− iη)
−λ 1− λ22 Aλ2
Aλ3(1 − ρ− iη) −Aλ2 1
+O(λ4) . (3.14)
Notice that the matrix is diagonal to a good approximation. This is due to the fact that the
couplings between quarks of the same family are close to unity and the off-diagonal elements
become smaller as the separation between the families gets larger. Note that all CP violation in
the CKM matrix is proportional to η since this parameter gives a complex phase to the CKM
matrix, in particular to Vub and Vtd, in the above parameterization.
3.1.2 The Jarlskog invariant
There is a unique invariant way to parameterize CP nonconservation which emerges from the
mixing matrix V in Eq. 3.10. That is, to introduce one invariant quantity as considered in
[60, 66], which will be independent of any phase convention of the quark fields and will enter in
every CP-violating effect in the SM.
It was shown in [66] that in order to obtain CP nonconservation in the SM, 14 conditions
must be satisfied. These conditions can be expressed as the equation
detC = −2F uF dJ 6= 0 , (3.15)
where C is the commutator of the mass matrices of the up and down quarks defined by[
Mu,Md
]
= iC . (3.16)
Also, F u and F d are given by
F u ≡ (m2t −m2c)(m2t −m2u)(m2c −m2u) , (3.17)
F d ≡ (m2b −m2s)(m2b −m2d)(m2s −m2d) , (3.18)
and J , which is sometimes referred to as the Jarlskog invariant, is defined through [60, 66]:
ℑm (VαjVβkV ∗αkV ∗βj) ≡ J
∑
l,γ
ǫαβγǫjkl . (3.19)
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Here the indices γ and l are independently summed over while the other indices are not summed;
Greek, Latin indices stand for up, down-quarks, respectively. The parameter J is independent of
the phase convention and, most importantly, it enters in any CP-violating effect within the SM.
In the “standard” parameterization (i.e., Eq. 3.12), J is given by
J = s212s13s23c12c13c23sδ13 . (3.20)
From Eqs. 3.15–3.20 the 14 conditions for obtaining CP violation in the SM can be recovered. In
particular, no two quarks with the same charge are degenerate (since that will make F u or F d
go to zero). Also, none of the rotation angles (i.e., θ12, θ13, θ23) and the phase δ13 are allowed to
be 0 or π (this condition assures that J 6= 0).
One can use the invariant parameterization of the angles of the mixing matrix V to fur-
ther examine the structure of CP violation in the SM by introducing the “unitarity triangles”
(sometimes called “CP violation triangles”) [67]. To do so, define
ai ≡ Vi1V ∗i2 , bi ≡ Vi2V ∗i3 , ci ≡ V1iV ∗2i ,
di ≡ V2iV ∗3i , ei ≡ Vi1V ∗i3 , fi ≡ V1iV ∗3i , (3.21)
where i = 1 − 3. The unitarity of V (i.e., ∑Xi = 0 for Xi = ai, bi, ci, di, ei or fi) implies that
each set of the three vectors Xi in the complex plane defines a triangle. Note that often the name
“unitarity triangle” refers only to the triangle resulting from
∑
ei = 0 (see below). All these 6
triangles have an equal area S∆ = J/2. It is shown in [66] that the square of this area can be
expressed in terms of only 4 independent moduli of the elements of V as
S∆ = λ
1/2(x, y, z) , (3.22)
where λ(x2, y2, z2) = [x2 − (y − z)2][x2 − (y + z)2]. Here x, y, z can have two sets of values
I) x = |Vαj ||Vαk| , y = |Vβj ||Vβk| , z = |Vγj ||Vγk| ,
II) x = |Vαl||Vβl| , y = |Vαj ||Vβj | , z = |Vαk||Vβk| . (3.23)
For set I α 6= β 6= γ and j 6= k, while for set II α 6= β and j 6= k 6= l. Therefore, one can
compute the angles of the unitarity triangles, up to an overall sign, in terms of only 4 moduli
of the elements of V (note that in Eq. 3.23 only 4 independent moduli enter x, y, z for any of
the allowed values of α, β, γ, i, j, l). In other words, the existence of CP violation or equivalently
J2 6= 0, may be inferred in the SM with three generations if the three sides of a unitarity triangle
can form a triangle with non-zero area. The moduli that enter into Eq. 3.23 may be obtained
from purely CP-conserving observations. However, an experimental measurement of CP violation
is needed to fix the sign of J .
An example of such a unitary triangle is the one commonly used in B physics studies [64,
65], which is constructed out of the three vectors e1, e2 and e3 in Eq. 3.21 corresponding to
VudV
∗
ub, VcdV
∗
cb and VtdV
∗
tb, respectively, which we will discuss below.
3.1.3 Experimental constraints
Let us now briefly summarize the experimental constraints on the elements of the 3 × 3 CKM
matrix. The best determined is |Vus| = λ ≃ s12, i.e., the sine of the Cabibbo angle. It has been
determined from K decays, e.g., K+ → π0ℓ+νℓ and from hyperon decays, e.g., Λ → pe−ν¯e. In
addition, it is determined from a study of charm production via neutrino beams as well as from
decays of charm to non-strange final states, albeit with much less precision. The average of the
two determinations gives [64]
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|Vus| = λ = 0.2205 ± 0.0018 . (3.24)
The next best determined element is |Vcb| and, through it, the Wolfenstein parameter A via
|Vcb| = Aλ2 . (3.25)
|Vcb| is deduced using semi-leptonic B decays to inclusive and exclusive final states, both at LEP
and at CLEO. The error in its determination is dominated by theory. In recent years, heavy
quark symmetry and heavy quark effective theory [68], have had a significant impact in reducing
the model dependence. The average of various techniques now gives [64]:
|Vcb| = 0.0397 ± 0.0020 , (3.26)
thus
A = 0.81 ± 0.04 . (3.27)
The other two parameters, ρ and η, are poorly known. Considerable theoretical and experimental
effort is being directed to improve their determinations. B physics experiments at e+e− based
B-factories as well as other facilities will surely improve our knowledge of ρ, and η. Indeed this
will be the focus of intense theoretical and experimental activity in the near future in providing
precision tests of the SM.
In the context of decays of the b quark, it is very useful to consider the unitarity triangle
which involves the b↔ d elements
V ∗udVub + V
∗
cdVcb + V
∗
tdVtb = 0 . (3.28)
Using the parameterization in Eq. 3.14, and neglecting contributions of O(λ4) we can write
V ∗udVub = Aλ
3(ρ¯− iη¯) , (3.29)
V ∗cdVcb = −Aλ3 , (3.30)
V ∗tdVtb = Aλ
3(1− ρ¯+ iη¯) . (3.31)
Here we have used the parameterization introduced in [65]:
ρ¯ = ρ
(
1− λ
2
2
)
, η¯ = η
(
1− λ
2
2
)
. (3.32)
Factoring out the common quantity Aλ3, the three elements in Eqs. 3.29 - 3.31 can be given a
geometrical representation in the (ρ¯, η¯) plane of a triangle with apexes at A(ρ¯, η¯), B(1, 0) and
C(0, 0) (see Fig. 4).
Referring to that figure we have
|
−→
AC | = 1−
λ2
2
λ
|Vub|
|Vcb| =
√
ρ¯2 + η¯2 ,
|
−→
AB | = |Vtd|
λ|Vcb| =
√
(1− ρ¯)2 + η¯2 . (3.33)
The angles α, β, γ of this triangle (see Fig. 4 for their definition) provide a basis for testing the
SM especially with regard to its description of CP violation phenomena and CKM unitarity. In
particular, unitarity implies that α+ β + γ = 180◦.
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ρ+iη 1−ρ−iη
βγ
α
C=(0,0) B=(1,0)
A=(ρ,η)
Figure 4: Unitarity triangle in the complex (ρ¯, η¯) plane.
Let us now briefly mention the key experimental and theoretical ingredients that enter to
provide the current bounds on ρ¯, η¯ or alternatively on α, β.
The evidence for CP violation from the K0 − K¯0 system through the indirect CP violation
parameter, ǫK , plays a crucial role in constraining η¯ and ρ¯ via [30]
|ǫK | = G
2
F f
2
KmKm
2
W
6
√
2π2∆mK
BKA
2λ6η¯
[
−η1(1− λ
2
2
)S(xc)
+A2λ4(1− ρ¯− (ρ¯2 + η¯2)λ2)η2S(xt)
+η3S(xc, xt)] . (3.34)
The ηi represent QCD corrections, evaluated to Next-to-Leading Order (NLO), the S’s are func-
tions of xq =
m2q
m2t
, fK is the Kaon decay constant and BK is the so called “bag” parameter.
Perhaps the best determination of BK comes from lattice calculations
3 [69]
BK ≃ 0.9 ± 0.1 . (3.35)
Using the experimental value of |ǫK | along with GF , mW , mt, BK etc. in Eq. 3.34, leads to an
allowed range for ρ¯, η¯ as shown in Fig. 5.
Vtd and therefore ρ¯, η¯ also enter intimately in controlling ∆md, i.e., the mass difference
between the two mass eigenstates of the B0d − B¯0d system. Thus
∆md =
G2Fm
2
W
6π2
A2λ6[(1− ρ¯)2 + η¯2]mBdf2BdBBdηBxtF (xt) . (3.36)
Here F (xt) is calculated perturbatively and is given to leading order in [70]. ηB , fBd and BBd
have the same meaning as their values for the K system, as in Eq. 3.34. Once again fBd , BBd need
to be calculated non-perturbatively and lattice QCD provides perhaps their best determination.
The results from existing lattice calculations are best summarized as [64, 69]:
fBd = 165± 20± 30 MeV , (3.37)
and
BBd(2 GeV) = 1.0 ± .10± .15 . (3.38)
3The value given here is the renormalization - group - invariant - BK often denoted as BˆK .
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Figure 5: The allowed regions for the SM parameters ρ¯ and η¯ are shown. The solid curves show
the 68% and 95% confidence regions. The 1-σ bound originating from neutral KL decays is shown
by the dashed curves. The 1-σ bound originating from the rate of b→ c transitions is shown with
the dot-dashed curve and the 1-σ bound originating from B0 − B¯0 oscillations is shown with the
dotted curve.
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Using the experimental value of ∆md in conjunction with mt, GF , fBd
√
BBd etc. in Eq. 3.36, we
can represent the allowed range on the ρ¯, η¯ plane in the form of a hyperbola (see Fig. 5).
A non-trivial test of the CKM paradigm is obtained by examining simultaneously the allowed
range of ρ¯,η¯ through a determination of |Vub| from semi-leptonic charmless B-decays. In this
regard various techniques are used to deduce
∣∣∣VubVcb ∣∣∣ from exclusive and inclusive semi-leptonic
decays. For now the uncertainties in the theoretical models of these transitions is quite substantial
giving [11, 64]: ∣∣∣∣VubVcb
∣∣∣∣ = .08± .02⇒ √ρ¯2 + η¯2 = .35± .09 . (3.39)
This compendium of experimental and theoretical information on ǫK , ∆md and b→ uℓν is used
to obtain the best fitted values [64]:
ρ¯ = .10+.13−.38 , η¯ = .33
+.06
−.09 . (3.40)
The corresponding 68% and 95% CL contours are shown in Fig. 5.
In the future, the measurement of Bs − B¯s oscillations will provide an extremely important
test of the SM. The point is that the ratio of the mass differences
∆md
∆ms
=
mBd
mBs
f2BdBBd
f2BsBBs
ηBd
ηBs
|Vtd|2
|Vts|2 , (3.41)
will involve significantly less uncertainty due to hadronic matrix elements (i.e., f2B). Aside from
the CKM elements, the most uncertain factor on the rhs of Eq. 3.41 is
rsd ≡
f2BsBBs
f2BdBBd
. (3.42)
However, theoretical uncertainties in extracting |Vtd| from rsd are expected to become smaller
[71] in comparison to the errors in extracting |Vtd| from ∆md alone.
The experiments at LEP have already made significant progress in studying Bs − B¯s oscilla-
tions. A combined analysis of ALEPH, DELPHI and OPAL leads to [64, 72]:
∆ms > 8.0 ps
−1 at 95% CL . (3.43)
Incorporating this along with ǫK , ∆md and b→ uℓν, into the ρ¯, η¯ constraints one finds [64]:
ρ¯ = .11+.13−.25 , η¯ = .33 ± .06 . (3.44)
Comparing this with Eq. 3.40 we see that the LEP bound on ∆ms is already reducing the negative
error on ρ¯ appreciably [64]. Further slight changes (see the update of Buras in [5]) result from
improvement, obtained by combining LEP/SLD/D0 data, of the limit on ∆ms to read:
∆ms > 12.4ps
−1 at 95% CL , (3.45)
and from the small increase of |Vub|/|Vcb| to [73]:
|Vub|/|Vcb| = 0.091 ± 0.016 . (3.46)
Translated to β and γ (see Fig. 4) yields:
sin 2β = 0.71 ± 0.13 , sin γ = 0.83 ± 0.17 . (3.47)
The above value of sin 2β is consistent with the recent CDF result [12, 74] sin 2β = 0.79+0.41−0.42.
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3.2 Multi-Higgs doublet models
In the SM the interaction of the only neutral Higgs-boson with fermions is automatically P and
C conserving as well as flavor conserving. This property is not valid in general in models beyond
the SM. In this section we consider extensions to the SM involving the addition of extra Higgs
doublets.
CP-violating effects in such models can originate in the scalar sector and be manifested in the
physics of fermions, particularly the top quark. For such an effect to occur, two or more complex
SU(2) doublets of Higgs fields are required; this was first pointed out by Lee [75]. However, the
mere presence of more than one doublet does not guarantee CP violation in the Higgs sector.
For instance, a CP-violating phase in the case of models with two Higgs doublets (2HDM) can
be rotated out of the Higgs sector entirely if one imposes various discrete symmetries as will be
discussed below. But if such phase(s) cannot be rotated away, this approach leads to CP violation
from neutral Higgs-boson interactions, from charged Higgs-boson interactions, and perhaps in
addition from the presence of a non-vanishing phase in the CKM matrix. In all cases, the various
types of CP violation are presumably related at a fundamental level to CP violation in the Higgs
potential, but because of our ignorance of the Higgs sector, in practice the parameters of each
type of interaction are independent and should be separately measured.
Another general feature of CP violation in an extended Higgs sector is that larger effects are
expected in heavier quarks systems (compared to the usual SM approach), because Higgs-boson
couplings to fermions are proportional to the fermions masses. This makes the top quark system
an especially good testing ground for such phenomena.
CP violation in the Higgs sector can arise in models where the Higgs potential may contain
complex couplings. This might lead directly to a CP-violating interaction or to complex VEV’s
of the Higgs fields which can induce CP-violating effects. In addition, as we shall see in some
examples below, it is also possible that a real potential can lead to a ground state with a complex
VEV, in which case CP is broken spontaneously. In any case, there are generally a large number
of parameters in these models so that considerable experimental effort will eventually be required
to determine them all. In particular, it is important to consider which predictions of such models
differ from the SM, so that might lead to early signs that extra scalar fields are present. CP
violation in top physics is especially useful since the SM contributions to CP violation in top
quark reactions are negligible and the mass dependent coupling of the Higgs means that top
quark physics is very sensitive to such effects.
It is convenient to classify CP symmetry-breaking in the scalar sector into three different cate-
gories: hard (intrinsic), soft and spontaneous. Hard or intrinsic CP violation refers to symmetry-
breaking terms with dimension four, for example, terms in the Lagrangian with complex Yukawa
coupling constants, or with self-coupling of scalar fields. Soft breaking is associated with terms
in the Lagrangian with canonical dimension less than four. If the Lagrangian starting from the
outset is CP invariant, CP violation can still be achieved by introducing complex phases from
the VEV’s of the scalar fields (i.e., spontaneous CP violation).
In the following we will consider simple versions of 2HDM and Three Higgs Doublets Model
(3HDM) in which CP violation is manifested in the interactions of neutral and charged Higgs
particles with fermions.
3.2.1 Two Higgs doublet models
We start with a description of the most general 2HDM. The Higgs potential for such a 2HDM is
given by [76]:
V (Φ) = −µ21Φ†1Φ1 − µ22Φ†2Φ2 − (µ212Φ†1Φ2 + h.c.)
+ λ1(Φ
†
1Φ1)
2 + λ2(Φ
†
2Φ2)
2 + λ3(Φ
†
1Φ1Φ
†
2Φ2) + λ4(Φ
†
1Φ2)(Φ
†
2Φ1)
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+
1
2
[λ5(Φ
†
1Φ2)
2 + h.c.] + [λ6Φ
†
1Φ1Φ
†
1Φ2 + λ7Φ
†
2Φ2Φ
†
1Φ2 + h.c.] ,
(3.48)
where Φi (i = 1, 2) are Higgs fields such that
Φi =
(
φ+i
φ0i
)
. (3.49)
The scalar spectrum of a 2HDM consists of three neutral and two charged Higgs-bosons which
we will denote by Hk (k = 1, 2, 3) and H±, respectively.
The important parameters in V (Φ) that may drive CP violation in the Higgs sector are:
λ5, µ
2
12, λ6 and λ7. It is the different choices of these parameters that will determine which type
of mechanism is generating CP violation in the 2HDM.
It should be noted that without the complex VEV’s of the two doublets (or only one of them
that can generate spontaneous CP violation), one needs at least two terms out of λ5, µ
2
12, λ6
and λ7 to be non-zero in the Higgs potential (see Eq. 3.48) in order to have CP nonconservation
in the model. That is, if there is only one complex coefficient in the Higgs potential prior to SSB,
then SSB leads via the minimization condition, ∂V/∂φ|φ=0 = 0, to certain relations among the
parameters of the Higgs potential which, in turn, forces the single complex coefficient to have
a zero imaginary part if the VEV’s are real. As an example, assuming that λ6 = λ7 = 0 and
only µ212 is complex in Eq. 3.48, ∂V/∂φ|φ=0 = 0 leads to ℑm(µ212) ∝ sin θ, where θ is a phase
associated with a complex VEV (see Eq. 3.50). Thus, if the VEV’s are real (i.e., θ = 0), then
ℑm(µ212) = 0 and the imaginary part of the only complex coefficient µ212 in the Higgs potential
(prior to SSB) gets rotated away. Therefore, in general, there could be several scenarios of
generating CP violation in a 2HDM emanating from V (Φ):
1. At least two terms in the potential should violate CP when the two VEV’s are chosen by
a suitable field redefinition to be real.
2. Only one term in the Higgs potential violates CP and the two VEV’s have a non-zero
relative phase.
3. The Higgs potential is CP-conserving however the ground state spontaneously violates CP
by giving a non-zero phase between the two VEV’s. This scenario requires non-vanishing
hard couplings of the type λ6 and λ7 (i.e., hard self-couplings of scalar fields).
4. CP violation occurs everywhere it can, i.e., explicitly in the Higgs potential and from a
relative phase of the VEV’s.
Let us illustrate how the above scenarios work for the Higgs potential given in Eq. 3.48. We
will focus on two out of the four possible scenarios above for breaking CP symmetry that will
result from two different choices of the set λ5, µ
2
12, λ6 and λ7, i.e., scenarios 2 and 3 above. In
general, when there exists a relative phase θ between the two VEV’s
< φ01 >=
v√
2
cos βeiθ , < φ02 >=
v√
2
sinβ , (3.50)
where
tan β =
v2
v1
and v =
√
v21 + v
2
2 , (3.51)
then with λ5 non-zero and real, CP violation can arise from non-zero complex entries of one or
more of µ212, λ6 and λ7. If λ5, µ
2
12, λ6 and λ7 are all real then CP violation can occur spontaneously
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(i.e., through the relative phase θ). If one of µ212, λ6 and λ7 is complex then in addition to the
complex VEV’s above that appear after SSB, there is an explicit CP nonconservation in V (Φ).
However, whether CP violation is spontaneous or explicit, the structure of the CP-violating sector
of the model can be redefined to depend only on the relative phase θ.
Let us consider, for example, the particular choice λ6 = λ7 = 0 which follows, for example,
from type II 2HDM, that we will describe later in this section. Here CP violation can occur only
if ℑm [λ5/(µ212)2] 6= 0 [77].
If, on the other hand, arg(λ5) = 2 arg(µ
2
12) = ψ, then the field redefinitions Φ1 → exp(+iψ/4)Φ1
and Φ2 → exp(−iψ/4)Φ2 would eliminate this phase. A phase difference between λ5 and µ212 is
therefore essential in order to get CP nonconservation in a 2HDM with no hard couplings of
the type λ6 and λ7 and, in particular, λ5 cannot vanish. Let us remark at this point that in
the Minimal Supersymmetric Standard Model (MSSM) with only two Higgs doublets, λ5 = 0 is
required by the supersymmetric nature of the Lagrangian. Therefore, no CP violation can arise
from the pure Higgs sector in the MSSM. We will return to this point when we will describe CP
violation in SUSY models (see section 3.3).
In models with extended Higgs sectors, an important experimental constraint is that the
processes with Flavor Changing Neutral Currents (FCNC) are severely suppressed. To under-
stand the extent to which such models will give rise to FCNC, consider the most general Yukawa
interaction of quarks in a 2HDM [78]:
LY =
∑
i,j
[ (u¯i, d¯i)L(U
1
ijΦ˜1 + U
2
ijΦ˜2)(uj)R +
(u¯i, d¯i)L(D
1
ijΦ1 +D
2
ijΦ2)(dj)R + h.c. ] , (3.52)
where i and j are generation indices, u and d stand for up and down quarks, respectively, and
Φ˜ = iσ2Φ
∗ while U1, U2, D1 and D2 are matrices in flavor space. In the general case presented
above, where either both U1 and U2 or D1 and D2 are present in LY , FCNC will appear in
the model. To avoid FCNC in a 2HDM, most models which have been considered impose an ad
hoc discrete symmetry on the 2HDM Lagrangian [79]; the idea being that such a symmetry may
originate from physics at a more fundamental level. We will return to this point later when we
discuss CP violation in a 2HDM with no FCNC at tree-level.
In the next two sections we examine two widely studied cases of the 2HDM where CP violation
arises from the Higgs sector. In section 3.2.2 we consider a model where FCNC are in fact present.
In particular we take λ5 > 0 and real, and also µ
2
12, λ6, λ7 are non-zero and real (corresponding
to scenario 3 above). Since FCNC will be present, the parameters of the model will be constrained
to keep them below the experimental limits. In section 3.2.3 we consider a case which falls into
scenario 2 and has flavor conservation built in at tree-level. In particular, λ6 = λ7 = 0 and a
discrete symmetry (which is only softly broken) is imposed on the model [17, 80].
3.2.2 2HDM with CP nonconservation and FCNC
In this model, no discrete symmetry on the Yukawa couplings of any kind is imposed, thus
allowing for the presence of all the couplings which appear in V (Φ) and LY . However, in view
of the low energy data on FCNC, one has to require that the Flavor Changing (FC) parameters
meet those experimental constraints. One systematic way that has been suggested to achieve this
without fine tuning the parameters is to impose an approximate global U(1) symmetry which
acts only on fermions (see [78, 81] and references therein). This symmetry will be responsible
for the smallness of the flavor changing couplings in this model and it leads to the Cheng-Sher
ansatz [82, 83] which imposes a hierarchy on the terms of LY that can reasonably evade FCNC
constraints. We choose not to concern ourselves with the technical aspects of imposing such a
U(1) symmetry, but rather concentrate on the CP-violating consequences of a 2HDM with FCNC,
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the so called Model III. A more detailed discussion about the flavor changing parameters and
their experimental constraints can be found, for example, in [84].
We can rewrite LY for this model in terms of the neutral and charged Higgs mass-eigenstates
Hk and H±, respectively. We divide LY into four terms [78]:
LY = (
√
2GF )
1
2 [LH0Y + L(H
0+FC)
Y +
√
2(LH±Y + L(H
±+FC)
Y )] , (3.53)
where L(H0+FC)Y (L(H
±+FC)
Y ) contains the FC effects for the neutral (charged) Higgs-bosons, and
LH0Y (LH
±
Y ) has no flavor changing effects other than the ones expected from the CKM matrix of
the SM part of the theory which also factors into the fermion charged Higgs coupling.
These terms are written as follows:
LH0Y =
3∑
i,k=1
(u¯iLmuiη
(k)
ui u
i
R + d¯
i
Lmdiη
(k)
di
diR + h.c.)Hk , (3.54)
LH±Y =
3∑
i,j=1
(u¯iLmdjξdjVijd
j
RH
+ + d¯iLmujξujV
†
iju
j
RH
−
+ h.c.) , (3.55)
L(H0+FC)Y =
3∑
i 6=j,k=1
(u¯iL
√
muimujµ
u(k)
ij u
j
R + d¯
i
L
√
mdimdjµ
d(k)
ij d
j
R
+ h.c.)Hk , (3.56)
L(H±+FC)Y =
3∑
i,j 6=j′=1
(u¯iLVij′
√
mdj′mdjµ
d
j′jd
j
RH
+
+ d¯iLV
†
ij′
√
muj′mujµ
u
j′ju
j
RH
− + h.c.) . (3.57)
Note that in Eqs. 3.56 and 3.57 proportionality of the FC couplings to the masses of the fermions
participating in the FC vertex is imposed. This idea was originally proposed in [82, 83] and is
often referred to in the literature as the Cheng-Sher ansatz. With this proportionality assumed,
the severe experimental constraints on the FC couplings of light quarks can be satisfied quite
naturally, i.e., without fine tuning.
The three neutral Higgs mass eigenstates, Hk, are related to the real and imaginary pieces
of the two Higgs doublets by a 3 × 3 orthogonal matrix R. The parameters ξfi in Eq. 3.55 (f
stands for fermion) arise from the diagonal elements of the Yukawa couplings U1,D1 or U2,D2
in Eq. 3.52, whereas the factors µfij in Eqs. 3.56 and 3.57 arise from the off-diagonal elements.
Using the notation presented in [78]:
ξfi ≃
sin δfi
sinβ cos β sin θ
eiσf (θ−δfi ) − cot β , (3.58)
µfij ≃
1
sinβ
(e
iσf (θ−δfj ) − sin δfj
sin θ
)(SF1 )ij , (3.59)
and
η
(k)
fi
= f(R, ξfi) , (3.60)
µ
f(k)
ij = µ
f
ijf
′(R) . (3.61)
Here f and f ′ are functions of R, ξfi and of R, respectively. S
F
1 is an arbitrary off-diagonal real
matrix. θ is the relative phase between the two VEV’s as defined in Eq. 3.50 and δfi is the phase
associated with the mass mfi and is defined through
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√
2mfie
iσf δfi ≡ (gFi1 cos βeiσf θ + gFi2 sinβ)v , (3.62)
where gFi1 (g
Fi
2 ) are diagonal elements of U
1,D1(U2,D2) defined in Eq. 3.52, and σf = + or − for
up or down fermion, respectively.
Evidently, LY manifests four patterns of CP violation in the 2HDM being considered, all of
which are being driven by the relative phase θ (which appears after SSB) between the two VEV’s
and by some definite choice of the parameters λ5, λ6, λ7 and µ
2
12 in V (Φ):
1. CP violation induced by the complex Yukawa couplings ξfi which appear both in the neutral
and the charged Higgs sectors.
2. Scalar-pseudoscalar mixing in the couplings of a neutral Higgs species with fermions. That
is, the mixing of the neutral imaginary and real parts of the two Higgs doublets which
results from such a model generates neutral Higgs mass eigenstates that do not have a
definite CP-property. Thus the couplings of neutral Higgs with fermions will have the
generic form
ΓHkff¯ = Hkf¯(akf + ibkfγ5)f , (3.63)
where akf and b
k
f are functions of R, tan β and ξf .
3. The phases in µfij which yield CP violation in FCNC interactions both in the neutral and
the charged Higgs sectors.
4. The usual CKM matrix V which gives CP violation in the charged Higgs interactions much
like that of the charged W -boson interactions in the SM.
3.2.3 2HDM with CP nonconservation and no FCNC
There is a natural way suggested by Glashow and Weinberg [79] to have tree-level FCNC vanish.
This idea that there may be a discrete symmetry present in the 2HDM Lagrangian, also implies
the vanishing of CP violation if this discrete symmetry is exact (see discussion below). Depending
on the discrete symmetry imposed, we can then obtain different versions of a 2HDM. The two
cases usually considered are the discrete symmetries DI and DII
DI : Φ1; Φ2; (di)R; (ui)R → −Φ1; Φ2;−(di)R;−(ui)R , (3.64)
DII : Φ1; Φ2; (di)R; (ui)R → −Φ1; Φ2;−(di)R; (ui)R . (3.65)
The models with these symmetries are referred to as type I and II, respectively, depending on
whether the −1/3 and 2/3 charge quarks are coupled to the same or to different scalar doublets.
Let us describe now the 2HDM of type II (sometimes also referred to just as Model II)
following the notation in [80]. With the discrete symmetry DII , we can build the Lagrangian for
the 2HDM of type II as a special case of the general 2HDM Lagrangian described in the previous
section, where:
(a) In order that LY in Eq. 3.52 be invariant under DII , U1ij = D2ij = 0 is required. Thus
LY =
∑
i,j
[ (u¯i, d¯i)LU
2
ijΦ˜2(uj)R + (u¯i, d¯i)LD
1
ijΦ1(dj)R + h.c. ] , (3.66)
and hence only Φ2 gives mass to charge +2/3 quarks and only Φ1 is responsible for the
mass generation of the charge −1/3 quarks.
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(b) If all the terms that are non-invariant under the operation of DII in the Higgs potential are
zero and the symmetry is exact, then there is no CP violation in the theory. Therefore,
allowing only for a one non-zero value of the soft breaking term µ212 6= 0, we have in the
Higgs potential of Eq. 3.48, λ6 = λ7 = 0.
(c) Without loss of generality, λ5 is chosen as real (this can be done by “rephasing” Φ2) and
µ212 is chosen as complex, thus having explicit CP violation already at the Lagrangian, in
addition to the relative phase between the two VEV’s which arises after SSB.
With the above three points and respecting the discrete symmetry (except for the soft breaking
terms which do not introduce FCNC at tree-level), the 2HDM of type II can be extracted from
the general 2HDM of the previous section by taking [85]:
δd = θ , δu = 0 , (3.67)
thus
ξd = tan β , ξu = − cot β . (3.68)
Also because of point (a) above, we have µfij = 0 in LY , thus
L(H0+FC)Y = L(H
±+FC)
Y = 0 , (3.69)
and we are left with only two CP-violating mechanisms in this model:
1. The scalar-pseudoscalar mixing described in the previous section (i.e., Eq. 3.63), where still
akf and b
k
f are functions of the 3 × 3 Higgs mixing mass matrix R, tan β and ξf . Note,
however, ξf is now real and is given by Eq. 3.68 above.
2. The usual CKM matrix V which gives CP violation in the charged Higgs interactions.
For later use, let us introduce the following notation for the Hkf f¯ and HkV V (V =W or Z)
parts of the Lagrangian in a general 2HDM
LHkff = −
gW√
2
mf
mW
Hkf¯
(
akf + ib
k
fγ5
)
f , (3.70)
LHkV V = gWmWCV ckHkgµνV µV ν , (3.71)
where CW ;Z ≡ 1;m2Z/m2W . Note that in the SM the couplings in Eqs. 3.70 and 3.71 of the only
neutral Higgs present are af = 1/
√
2, bf = 0 and c = 1, and there is no phase in the Hkf f¯
coupling. In Model II, for up quarks for example [80]:
aku = R1k/ sin β , b
k
u = R3k/ tan β , c
k = R1k sin β +R2k cos β , (3.72)
where tan β ≡ vu/vd and vu(vd) is the VEV responsible for giving mass to the up(down) quark.
R is the neutral Higgs rotation matrix which can be parameterized by three Euler angles α1,2,3
as follows [80]:
R =
 c1 s1c3 s1s3−s1c2 c1c2c3 − s2s3 c1c2s3 + s2c3
s1s2 −c1s2c3 − c2s3 −c1s2s3 + c2c3
 , (3.73)
where si ≡ sinαi and ci ≡ cosαi.
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A general feature of this class of 2HDM’s, in which CP violation results from scalar-pseudoscalar
mixing in the neutral Higgs interactions with fermions, is that only two out of the three neutral
Higgs-bosons can simultaneously have a coupling to vector-bosons and a pseudoscalar-type of cou-
pling to fermions. Denoting these two neutral Higgs-bosons by h and H with couplings ahf , b
h
f , c
h
and aHf , b
H
f , c
H (corresponding to the light and heavy neutral Higgs, respectively), an important
aspect of these 2HDM’s, which has crucial phenomenological implications for CP violation, is
that these couplings are subject to the constraint bhf c
h + bHf c
H = 0. This is a general feature
of CP violation induced by mass mixing and is due to the existence of a GIM-like cancellation,
dictating that CP-odd effects must vanish when the two Higgs-bosons h and H are degenerate.
To end this section let us briefly comment on the existing experimental limits on the neutral
and charged Higgs masses and on the couplings akf , b
k
f , c
k. There are very good reviews on this
subject in the literature and we only wish to point out the highlights of those investigations. The
existing limits are usually given on tan β and they depend on the mass of the charged Higgs-
boson or the neutral Higgs-boson of the theory. They can be translated to bounds on akf , b
k
f , c
k
using Eq. 3.72. In particular, the limits are obtained from the experimental constraints using
low energy data on B − B¯, D − D¯ and K − K¯ mixing, ǫK , b→ u, b→ c and b→ sγ transitions
[86, 87, 88, 89, 90], on B → τντX decays [91, 92], on (g− 2)µ [93], or from high energy processes
such as e+e− → Zh [94], the decay t → bH+ [95, 96, 97] and from Z decays [98, 99]. Typically
they find that tan β < 1 is allowed if the charged Higgs mass is above several hundred GeV (recall
that a small tan β enhances the Higgs coupling to the top quark). In order to have tan β ∼< 0.5
the charged Higgs mass is required to be typically ∼> 500 GeV. If tan β is sufficiently large, i.e.,
tan β ∼ O(mt/mb), then a light charged Higgs-boson is possible, of the order of several tens of
GeV. Note also that there are theoretical approximate lower and upper bounds on tan β coming
from perturbative considerations. That is, in order for a perturbative description to remain valid,
tan β has to roughly satisfy 0.1 ∼< tan β ∼< 100 [87]. The lower (upper) limit corresponds to the a
perturbative top (bottom) Yukawa coupling.
The inclusive decay B → Xsγ, which is equivalent at the quark level to b→ sγ, plays a unique
role in constraining the parameter space of 2HDM’s [88]. Recall first the CLEO observation
[104] Br(B → Xsγ) = (2.32 ± .57 ± .35) × 10−4 and the corresponding 95% CL bounds of
1× 10−4 < Br(B → Xsγ) < 4.2× 10−4. These were updated by CLEO to read Br(B → Xsγ) <
(3.11± 0.8± 0.72)× 10−4 where, at 95% CL, 2.0× 10−4 < Br(B → Xsγ) < 4.5× 10−4 [105, 106].
Furthermore, ALEPH presented the result [107] Br(B → Xsγ) < (3.15 ± 0.35stat ± 0.32syst ±
0.26model)× 10−4, consistent with CLEO. In Model I, the two contributions of the charged Higgs
scale as cot2 β causing significant enhancements to the decay rate for small values of tan β. An
especially interesting aspect of Model I is that the contribution of the two charged Higgs interfere
destructively for some values of the parameter space. Consequently, the lower and upper bounds
from CLEO enable us to place stringent constraints on the mass (mH±)− tan β plane [88]. Most
notably, for small value of tan β (especially for tan β ∼< 0.3), mH± ∼< 1 TeV gets excluded as can
be seen from Fig. 6 [100].
Br(b → sγ) also places important restriction on Model II [88], again, especially for small
values of tan β (see Fig. 7) [100, 101, 102, 103]. An important difference with Model I is that
Br(b→ sγ) is now always larger than in the SM, independent of tan β [88]. Thus,mH± ∼< 300 GeV
is ruled out practically for all values of tan β. One can relax these bounds if MSSM contributions
(chargino loops) are added to the charged Higgs in the loop [88].
3.2.4 Three Higgs doublet model
As was mentioned above, if one chooses to adopt Natural Flavor Conservation (NFC), enforced
by some discrete symmetry (see e.g., Eqs. 3.64 and 3.65), then the minimum number of Higgs
doublets which allows CP violation in the gauge model with NFC is three [108, 109] (the other
possibility is two Higgs doublets plus one singlet but we choose not to discuss it).
In the Weinberg 3HDM [45, 110], CP violation in the Higgs sector arises from the phase
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Figure 6: The excluded regions in the mH±−tan β plane resulting from the present CLEO bounds
in Model I and for mt = 175 GeV. The excluded regions are (from left to right) to the left of the
first curve and between the second and third curves. Updated figure from [88] (see [100]).
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Figure 7: Constraints in the mH± − tan β plane in Model II from the CLEO bound on Br(B →
Xsγ). The excluded region is to the left and below the curves. The upper line is for mt = 181
GeV and the lower line is for mt = 169 GeV. We also display the restriction tan β/mH± > 0.52
GeV−1 which arises from measurements of B → Xτν as discussed in [101, 102]. Figure taken
from [103].
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differences of the VEV’s and from the complex quartic terms in the Higgs potential (as will
be shown later). This model has many unknown parameters and it allows the standard CKM
mechanism as one of the sources of CP nonconservation. Let us therefore present its spontaneous
version which has a very attractive feature: spontaneous CP violation and NFC together with a
real tree-level CKM matrix (for three generations) as a starting point, imply that CP violation
is generated only after SSB via complex VEV’s [111, 112]. Thus, in such a scenario CP is a
good symmetry of the Lagrangian before SSB and CP violation at tree-level comes solely from
Higgs-boson exchanges once the VEV’s are assigned a non-vanishing phase.
The most general scalar potential with three Higgs doublets consistent with NFC is given by4
V (Φ) =
∑
i
m2iΦ
†
iΦi +
∑
i 6=j
aij(Φ
†
iΦi)(Φ
†
jΦj)+∑
i 6=j
bij(Φ
†
iΦj)(Φ
†
jΦi) +
[∑
i 6=j
cij(Φ
†
iΦj)(Φ
†
iΦj) + h.c.
]
. (3.74)
Hermiticity of the scalar potential requires that the m2i terms, the aij and the bij be real while
cij need only be hermitian. However, if CP is broken spontaneously, all the parameters of V (Φ)
can be chosen to be real before gauge symmetry breaking and we choose to work in the latter
scheme.
The Higgs doublets can be written as
Φi =
(
φ+i
φ0i
)
=
(
φ+i
1√
2
(vi + ρi + iηi)
)
, (3.75)
with
vi = |vi|eiθi . (3.76)
Assuming that the third Higgs doublet does not couple to quarks and that its VEV does partic-
ipate in breaking SU(2)×U(1), the general Yukawa interactions consistent with NFC read
LY = Y (1)ij D¯iR(φ+∗1 U jL + φ0∗1 DjL) + Y (2)ij U¯ iR(φ02U jL − φ+2 DjL) +
Y
(3)
ij E¯
i
R(φ
+∗
3 N
j
L + φ
0∗
3 E
j
L) + h.c. , (3.77)
where U = (u, c, t), D = (d, s, b), E = (e, µ, τ) and N = (νe, νµ, ντ ). The Yukawa couplings are
chosen to be real as CP is assumed to be a good symmetry of LY .
After SSB and after a phase redefinition of the quark fields in order to obtain real quark mass
matrices, we can rewrite LY as
L+Y =
φ′+1
v1
ULKMDDR − φ
′+
2
v2
URMUKDL +
φ′+3
v3
NLMEER + h.c. , (3.78)
for charged Higgs-bosons, with φ′i = φie
iθi and a real CKM matrix, denoted here by K. Also
L0Y =
ρ1
v1
DMDD + i
η1
v1
DMDγ5D +
ρ2
v2
UMUU −
i
η2
v2
UMUγ5U +
ρ3
v3
EMEE + i
η3
v3
EMEγ5E , (3.79)
4Unlike Eq. 3.48 which describes the Higgs potential for a 2HDM, we use here the more generic form of the
Higgs potential applicable also for arbitrary number of Higgs doublets.
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for neutral Higgs-bosons, where MU , MD and ME are diagonal mass matrices. The Yukawa
interactions of Eqs. 3.78 and 3.79 are still CP invariant, however, the scalar fields φi, ρi and ηi
are not the physical Higgs states with definite masses.
The mass matrix in the basis of φ′+i /vi is
m2 =

X12 +X13 −X12 − iY −X13 + iY
−X12 + iY X12 +X23 −X23 − iY
−X13 + iY −X23 + iY X13 +X23
 , (3.80)
where
Xij =
[
1
2
bij + cij cos(θi − θj)
]
|vi|2|vj |2 , (3.81)
and
Y = −c12v21v22 sin 2(θ1 − θ2) = −c23v22v23 sin 2(θ2 − θ3)
= c13v
2
1v
2
3 sin 2θ1 . (3.82)
Since the parameter Y is in general non-zero, it is evident that CP violation in the charged
Higgs-boson sector comes from the imaginary part of the off-diagonal Higgs-boson mass matrix
elements.
The unitary matrix which relates the weak eigenstates φ′+i to the physical charged states H
+
i
is defined by 
φ′+1
φ′+2
φ′+3
 = U+

G+
H+1
H+2
 , (3.83)
where G+ is the charged Goldstone-boson which is absorbed into the W+. U+, which has
three arbitrary phases, of which two can be removed by a redefinition of H+1 and H
+
2 , can be
parameterized exactly in the same way as the CKM matrix [110]:
U+ ≡

c˜1 s˜1c˜3 s˜1s˜3
−s˜1c˜2 c˜1c˜2c˜3 + s˜2s˜3eiδH c˜1c˜2s˜3 − s˜2c˜3eiδH
−s˜1s˜2 c˜1s˜2c˜3 − c˜2s˜3eiδH c˜1s˜2s˜3 + c˜2c˜3eiδH
 , (3.84)
with s˜i ≡ sin θ˜i, c˜i ≡ cos θ˜i and δH are the charged Higgs mixing angles and phase, respectively.
From the gauge sector, it is straightforward to show that
(2
√
2GF )
−1 = |v1|2 + |v2|2 + |v3|2 = v2 , (3.85)
or that
G+ =
1
v
(v1φ
′+
1 + v2φ
′+
2 + v3φ
′+
3 ) . (3.86)
It follows from Eqs. 3.83 and 3.84 that
v1 = c˜1v , v2 = −s˜1c˜2v , v3 = −s˜1s˜2v . (3.87)
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Therefore, the mixing angles θ˜1, θ˜2 are determined by the VEV’s v1, v2 and v3 whereas θ˜3 and δH
depend on the parameters of the Higgs potential.
In terms of the Higgs mass eigenstates, the Yukawa interactions in Eq. 3.78 become
L+Y = (2
√
2GF )
1/2
2∑
i=1
(αiULKMDDR + βiURMUKDL
+γiNLMEER)H
+
i + h.c. , (3.88)
with
α1 =
s˜1c˜3
c˜1
, β1 =
c˜1c˜2c˜3+s˜2s˜3eiδH
s˜1c˜2
, γ1 =
c˜1s˜2c˜3−c˜2s˜3eiδH
s˜1s˜2
,
α2 =
s˜1s˜3
c˜1
, β2 =
c˜1c˜2s˜3−s˜2c˜3eiδH
s˜1c˜2
, γ2 =
c˜1s˜2s˜3+c˜2c˜3eiδH
s˜1s˜2
, (3.89)
and we see that
ℑm (α2β∗2) = −ℑm (α1β∗1) , ℑm (α2γ∗2) = −ℑm (α1γ∗1) ,
ℑm (β2γ∗2) = −ℑm (β1γ∗1) . (3.90)
As in the charged Higgs case, we can write down an analogous 6 × 6 real mass matrix for the
neutral scalar states. Then the neutral Higgs-boson Yukawa interactions in Eq. 3.79 become
[109]:
L0Y = (2
√
2GF )
1/2
5∑
i=1
(g1iDMDD + g2iDMDiγ5D + g3iUMUU
+g4iUMU iγ5U + g5iEMEE + g6iEMEiγ5E)H
0
i , (3.91)
where the couplings gi are real. Since ψ¯ψ and ψ¯iγ5ψ have opposite P , T and CP transformation
properties, P and CP can be violated through the exchange of neutral Higgs-bosons.
We will now briefly mention some of the more notable constraints on this class of models
[42, 113, 114, 115]. One class of restrictions that are of some importance follow (as in the case of
the 2HDM) if we further assume that the Higgs sector of the theory is perturbative [87]. These
lead to
|αi| ∼< 120 , |βi| ∼< 6 . (3.92)
Since these complex coupling constants arise from the diagonalization of the charged scalar mixing
matrix, they obey the relation ∑
i=1,2
αiβ
∗
i = 1 . (3.93)
Thus [113]:
ℑm (α1β∗1) = −ℑm (α2β∗2) , (3.94)
and
ℑm (αiβ∗i ) ≤ |αiβi| ∼< 720 . (3.95)
Assuming for simplicity that one of the H+, for instance H+2 , is very heavy, then B-B¯ mixing
imposes an important constraint on |β1| [87, 116]:
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Figure 8: Constraints on ℑm (XY ∗)| (≡ |ℑm (αβ∗)| in our notation) as a function of the lightest
charged Higgs-boson mass MH+ ≡ mH1, with mH2 = 100, 250, 500 and 750 GeV corresponding
to (from left to right) the dashed, dashed-dotted, solid and dotted curves, respectively. The bottom
dashed curve represents the case where the H±2 contributions have been neglected. The allowed
region lies to the right and below the curves. mt = 175 GeV is used. Updated figure from [88]
(see [100]).
|β1| ∼< 2 for mH1 ∼
1
2
mZ
∼< 3 for mH1 ∼ 2mZ . (3.96)
Using B → τνX, a constraint on |α1| is deduced [101, 117]:
|α1| ∼< 2mH1/ GeV . (3.97)
A direct bound on ℑm (αβ∗) comes from the electric dipole moment of the neutron (dn)
[118, 119]:
| ℑm (αβ∗) | ∼< 20 for mH1 ∼
1
2
mZ
∼< 100 for mH1 ∼ 2mZ . (3.98)
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Interestingly enough, the strongest constraint so far actually comes from a CP-conserving pro-
cess b→ sγ [113, 115]. The amplitude for b→ sγ receives contributions from terms proportional
to ℑm (αiβ∗i ) that do not interfere with the other terms.
Thus these terms only enter quadratically in the expression for the rate for b → sγ. A
conservative bound on |ℑm (αβ∗)| (where ℑm (αβ∗) = ℑm (α1β∗1) = −ℑm (α2β∗2)) is obtained by
assuming that such a contribution saturates the measured rate for b→ sγ. These constraints are
displayed in Fig. 8 [88, 100] as a function of the light charged Higgs mass (mH1) for various values
of the heavier charged Higgs mass (mH2), subject to the restriction mH1 ≤ mH2 . On the figure,
the bottom solid curve corresponds to the case when mH2 >> mH1 so that the contribution of
the second charged Higgs is neglected. We note that the constraints depend strongly on mH2 and
they essentially disappear when mH1 ≃ mH2 due to a cancellation between the two contributions
[88, 100] resulting from a GIM-like mechanism.
It is useful to note how stringent these constraints are. For example
| ℑm (αβ∗) | ∼< 1.5 for mH1 ∼
1
2
mZ
∼< 2.5 for mH1 ∼ 2mZ , (3.99)
for mH2 ∼ 500 GeV. A very important consequence of these tight bounds on ℑm (αβ∗) is that the
charged scalar exchange can only make a negligible contribution to the CP violation parameters
in K → 2π, i.e., ǫ or ǫ′. Therefore, CP violation in the 3HDM cannot be the sole source of the
observed CP violation. We should note, though, that in the original Weinberg model for three
Higgs doublets, CP is not assumed to be an a priori symmetry of the model. Thus CP violation
arises from complex quartic terms in the Higgs potential as well as from the phase differences
of the VEV’s. In addition, one has the complex CKM phase as an independent source of CP
violation which may be able to accommodate the CP violation in the Kaon system.
3.3 Supersymmetric models
Needless to say, the minimal SUSY extension of the SM is a very appealing theory [120]. Among
its compelling features are: it allows for Radiative ElectroWeak Symmetry Breaking (REWSB),
it unifies the gauge coupling constants, with masses of superpartners not much heavier then a
TeV it gives a well-grounded explanation to the hierarchy problem and it provides a good dark
matter candidate - the lightest SUSY particle.
As far as CP violation is concerned, new non-SM mechanisms are introduced in each version
of such SUSY models [31, 120, 121, 122]. It is again the top quark sector in these models that may
exhibit large CP-violating effects due to its very large mass. In particular, the supersymmetric
partners of the top quark (these two scalar particles are often referred to as the stop and denoted
by t˜), can be responsible for relatively large CP-violating phenomena. Such effects are enhanced
by the possibility of having large mass splittings between the two stops which is in turn due to the
relatively large top mass. These type of SUSY CP violation in top quark reactions has received
considerable attention in the past few years. They are all strongly dependent on the magnitude
of the low energy phase of the soft trilinear breaking term At in the SUSY Lagrangian and we
will describe some of these works in the following chapters.
Another possible manifestation of the CP-violating phase arg(At) is Baryogenesis in the early
universe. It was shown that with arg(µ) → 0, t squarks can mediate the charge transport
mechanism needed to generate the observed baryon asymmetry, even with squark masses ∼
hundred GeV, provided that arg(At) is not much suppressed [29]. We will therefore emphasize
here the phenomenological importance of possible CP-violating effects which may reside in t˜L− t˜R
mixing and are therefore proportional to arg(At). Indeed, due to experimental constraints on
the Neutron Electric Dipole Moment (NEDM), the possible phase in the Higgs mass term, i.e.,
arg(µ), is expected to be small (see below). Thus arg(At) should be practically the only important
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SUSY CP-odd phase observable in high-energy reactions. Of course, the most natural place to
look for such effects, driven by arg(At), is high energy processes involving the top quark. Thus
CP-violating effects of the top quark observable in the laboratory may have direct bearing on
Baryogenesis in the early Universe.
It was stated in [123] that using the relations obtained from the Renormalization Group Equa-
tions (RGE) of the imaginary parts in the SUSY Lagrangian, combined with the severe constraint
on the low energy phase of the Higgs mass parameter, µ, from the present experimental limit
[124] on the NEDM, the phase in At at low energy scales is likely to be very small provided one
imposes some definite boundary conditions for the SUSY soft breaking terms. As a consequence,
at high energies, any CP-nonconserving effect that is driven by arg(At) will then be suppressed
leaving top quark reactions almost insensitive to CP-violating effects of a SUSY origin in models
with these assumptions.
On the other hand we will describe below the key phenomenological features of a general
MSSM and a GUT-scale N=1 minimal SUperGRAvity (SUGRA) model. We will demonstrate
that the prediction made in [123] depends on the GUT-scale boundary conditions, and therefore
may be significantly relaxed to yield a large CP-violating phase in the At term compatible with
the existing experimental limit on the NEDM. This should encourage SUSY CP violation studies
in top quark systems as they may well be the only venue for constraining arg(At) in high energy
experiments at colliders in the foreseeable future.
3.3.1 General description and the SUSY Lagrangian
The most general low energy softly broken minimal SUSY Lagrangian which is invariant under
SU(3)×SU(2)×U(1) consists of three generations of quarks and leptons, two Higgs doublets and
the SU(3)×SU(2)×U(1) gauge fields, along with their SUSY partners, can be written as [120,
125, 126, 127]:
L = kinetic terms +
∫
d2θW + Lsoft . (3.100)
Here W is the superpotential and is given by5
W = ǫij(g
IJ
U Qˆ
i
IHˆ
j
2UˆJ + g
IJ
D Qˆ
i
IHˆ
j
1Dˆ
c
J + g
IJ
E Lˆ
i
IHˆ
j
1Rˆ
c
J + µHˆ
i
1Hˆ
j
2) . (3.101)
ǫij is the antisymmetric tensor with ǫ12 = 1 and the usual convention was used for the superfields
Qˆ, Uˆ , Lˆ, Rˆ and Hˆ [125]. I, J = 1, 2 or 3 are generation indices and i, j are SU(2) indices.
Lsoft consists of the soft breaking terms and can be divided into three pieces
Lsoft ≡ Lgaugino + Lscalar + Ltrilinear , (3.102)
which are the soft supersymmetry breaking gaugino, scalar mass terms and the trilinear coupling
terms. These are given by [126]:
Lgaugino = 1
2
(m˜1λBλB + m˜2λ
a
Wλ
a
W + m˜3λ
b
Gλ
b
G) , (3.103)
Lscalar = −m2H1 |H1i |2 −m2H2 |H2i |2 −m2L|Li|2 −
m2R|R|2 −m2Q|Qi|2 −m2D|D|2 −m2U |U |2 , (3.104)
Ltrilinear = ǫij(gUAUQiHj2U + gDADQiHj1D +
gEAEL
iHj1R+ µBH
i
1H
j
2) , (3.105)
5We do not include R-parity violating terms in the SUSY Lagrangian below, since we do not discuss in this
review any CP-violating effect which may be driven by such terms. We only briefly mention in Chapter 11 the
possible impact of R-parity violating SUSY interactions on CP violation studies in the top quark system.
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where we have omitted the generation indices I and J in the soft breaking terms. The above
scalar fields correspond to the superfields which were indicated in our notation by a “hat”. λB ,
λaW (with a = 1, 2 or 3) and λ
b
G (with b = 1, . . . , 8) are the gauge superpartners of the U(1),
SU(2) and SU(3) gauge-bosons, respectively. Also we remark that proportionality of the trilinear
couplings to the Yukawa couplings (i.e., gU , gD and gE) is imposed in Eq. 3.105.
3.3.2 CP violation in a general MSSM
We now turn to a discussion of the CP-odd phases in the theory. In general, when no further
assumptions are imposed on the pieces of the Lagrangian in Eqs. 3.101 and 3.103 - 3.105, there
are several possible new sources (apart from the usual SM CKM and strong θ phases) of CP
nonconservation at the scale ΛS - where the soft breaking terms are generated. These are [31,
120, 121]: the trilinear couplings AF (i.e., F = U,D or E), the soft breaking Higgs coupling
µB, the gauginos mass parameters m˜a (a = 1, 2 or 3) and the Higgs mass parameter µ in the
superpotential. However, not all of them are physical and by a global phase change of one of the
Higgs multiplets one can set arg(µB) = 0 ensuring real VEV’s of the Higgs doublets and fixing the
phase of µ to be arg(µ) = − arg(B). Moreover, in the absence of the soft breaking Lagrangian,
the MSSM possesses an additional U(1) R-symmetry [128]. Thus, with an R-transformation one
can remove an additional phase from the theory, say from one of the soft gaugino masses m˜a.
The remaining physical phases are: one phase for each arg(Af ) (corresponding to a fermion f),
arg(B) and arg(m˜a), say for a = 1, 2. In the most general MSSM scenario, these remaining
complex parameters at the ΛS-scale cannot simultaneously be made real by redefining the phases
of fields without introducing phases in the other couplings.
Of course, once the above phases are set to their ΛS-scale values, they feed into the SUSY
parameters of the theory at the EW-scale through the RGE. Instead of studying the RGE for
the full theory, one needs only consider a complete subset of the RGE of the complex parameters
in the effective theory. Taking only the top and bottom Yukawa couplings and neglecting small
effects from the other Yukawa couplings, such a complete subset was given in [123]:
dm˜a
dt
= 2baαam˜a , (3.106)
dAt
dt
= 2caαam˜a + 12αtAt + 2αbAb , (3.107)
dAb
dt
= 2c
′
aαam˜a + 12αbAb + 2αtAt , (3.108)
dAu,c
dt
= 2caαam˜a + 6αtAt , (3.109)
dAd,s
dt
= 2c
′
aαam˜a + 6αbAb , (3.110)
dB
dt
= 2c
′′
aαam˜a + 6αbAb + 6αtAt , (3.111)
dαt
dt
= 2αt(−caαa + 6αt + αb) , (3.112)
dαb
dt
= 2αb(−c′aαa + 6αb + αt) , (3.113)
dαa
dt
= 2baα
2
a , (3.114)
where t ≡ ln(Q/ΛS)/4π, a is summed from 1 to 3 and ba = (33/5, 1,−3), ca = (13/15, 3, 16/3), c′a =
(7/15, 3, 16/3), c
′′
a = (3/5, 3, 0). Also, αt and αb are related to the corresponding quark masses
via
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αt(b) =
g22
8π
m2t(b)
m2W
1
sin2 β(cos2 β)
. (3.115)
We remark that in the general MSSM framework with arbitrary CP-violating phases at ΛS , the
above RGE are of less importance and with such boundary conditions almost any low energy
CP-violating scenario can be generated. In particular, large CP-violating phases at the EW-scale
are not excluded in this unconstrained scenario. However, in a more constrained SUSY version,
one can reduce the number of the physical CP-odd phases in the theory. In this case the RGE
given above are crucial for determining the SUSY CP-violating phases at the EW-scale [123]. We
will return to this point later when we discuss the N = 1 minimal low energy SUGRA - GUT
model.
Let us consider now the phenomenological consequences of CP nonconservation in such a
general SUSY model. First we need to describe briefly how these new CP-violating phases enter in
reactions which are driven by supersymmetric particles. As it turns out, all CP violation in the low
energy SUSY vertices is driven by diagonalization of the complex mass matrices of the sfermions,
charginos and neutralinos. For more detailed investigations of the diagonalization procedure and
extraction of the mass spectrum and CP-violating phases from these mixing matrices we refer
the reader to the existing literature, see e.g., [120, 126, 129, 130, 131, 132, 133, 134]. Here we
only wish to briefly describe the key features of the formulation and the definitions.
We denote by M2
f˜
the mass squared matrix of the scalar partners of a fermion, and Mχ˜ and
Mχ˜0 are the mass matrices of the charginos and neutralinos, respectively. Then, with the rotation
matrices Zf , ZN , Z
+ and Z−, we can define
Z†fM
2
f˜
Zf = diag
(
m2
f˜1
,m2
f˜2
)
, (3.116)
(Z−)†Mχ˜Z+ = diag (mχ˜1 ,mχ˜2) , (3.117)
ZTNMχ˜0ZN = diag
(
mχ˜01
,mχ˜02
,mχ˜03
,mχ˜04
)
. (3.118)
M2
f˜
is then given by
M2
f˜
=
(
m2f − cos 2β(T3f −Qf sin2 θW )m2Z +m2f˜L −mf (Rfµ+ A
∗
f )
−mf (Rfµ∗ + Af ) m2f − cos 2βQf sin2 θWm2Z +m2f˜R
)
, (3.119)
where mf is the mass of the fermion f , Qf its charge and T3f the third component of the weak
isospin of a left-handed fermion f . m2
f˜L
(m2
f˜R
) is the low energy mass squared parameter for the
left (right) sfermion f˜L(f˜R). Rf = cot β(tan β) for T3f =
1
2(−12) where tan β = v2/v1 is the ratio
between the two VEV’s of the two Higgs doublets in the model.
Mχ˜ and Mχ˜0 are given by
Mχ˜ =
(
m˜2
√
2mW sin β√
2mW cos β µ
)
, (3.120)
Mχ˜0 =
 m˜1 0 −mZ cos β sin θW mZ sin β sin θW0 m˜2 mZ cos β cos θW −mZ sin β cos θW−mZ cos β sin θW mZ cos β cos θW 0 −µ
mZ sin β sin θW −mZ sin β cos θW −µ 0
 , (3.121)
where m˜1(m˜2) is the mass parameter for the U(1)(SU(2)) gaugino.
Because of their relatively simple form, we will discuss below the way of parameterizing the
CP-violating phases only of the sfermions and charginos diagonalizing matrices Zf and Z
+, Z−,
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respectively. The diagonalization of the 4 × 4 neutralino mixing matrix with complex entries
is more involved and may be estimated numerically, although in some limiting cases it may be
approximated analytically (see e.g., [123]). If all elements of ZN are real then the diagonalization
procedure can also be done analytically (see e.g., [131, 133]).
The mixing matrix of the sfermions is parameterized as
Zf =
(
cos θf −e−iβf sin θf
eiβf sin θf cos θf
)
, (3.122)
where θf is the mixing angle and βf is the phase responsible for CP-violating phenomena in
sfermions interactions with other particles in the theory, and is given by
tan βf = − |µ|Rf sinαµ − |Af | sinαf|µ|Rf cosαµ + |Af | cosαf , (3.123)
where we have used Af = |Af |eiαf and µ = |µ|eiαµ . Recall that Rf = cot β(tan β) for T3f =
1
2(−12) and tan β = v2/v1. Also, the mixing angle θf is given by
tan θf =
−2mf
∣∣∣Rfµ+A∗f ∣∣∣
cos 2β(2Qf sin
2 θW − T3f )m2Z +m2f˜L −m
2
f˜R
. (3.124)
It is obvious from Eq. 3.123 and 3.124 that in the limit where all the quark masses are small
except for mt, only the phase of At leads to CP-violating effects (the limit mf → 0, f 6= t, is
useful when considering high energy reactions). In particular, the other A-terms are multiplied
by the light fermion masses (see also Eq. 3.119) and, therefore, they have negligible effect on any
physical quantity evaluated at high enough energies. That is, the off-diagonal elements of Zf are
zero in this limit (i.e., from Eq. 3.124 we see that sin θf → 0 when mf → 0) and there is no
mixing between the left and right components of the superpartners of light quarks. Of course,
this is not the case for the NEDM which is particularly sensitive to the slight deviation from
degeneracy of the supersymmetric partners of the u and the d quarks. We will return to a more
detailed discussion on the “SUSY-CP problem” of the NEDM in the following section.
For a sfermion f˜ , it is useful to adopt a parameterization for its f˜L− f˜R mixing such that the
sfermions of different handedness are related to their mass eigenstates through the transformation
f˜L = Z
11
f f˜1 + Z
12
f f˜2 ,
f˜R = Z
21
f f˜1 + Z
22
f f˜2 , (3.125)
where f˜1,2 are the two mass eigenstates. We note that, in the case where all CP violation arises
from f˜L − f˜R mixing, i.e., from the complex entries in the sfermion mixing matrix Zf , it has to
be proportional to
ℑm (ξif ) ≡ ℑm (Z1i∗f Z2if ) =
(−1)i−1
2
sin 2θf sin βf . (3.126)
Clearly, ξif → 0 if there is no mixing between the left and right sfermions such that they are nearly
degenerate. We will describe in the next chapters CP-nonconserving effects in top quark systems
which are driven by the possibly large mass splitting between the two stop mass eigenstates and
are therefore proportional to ℑm (ξit).
The charginos mixing matrices are given by
Z± = P±O± , (3.127)
where
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P+ =
(
1 0
0 −eiα2
)
, P− =
(
eiα2 0
0 −1
)
, (3.128)
and
O+ =
(
cos θ+ −e−iβ+ sin θ+
eiβ+ sin θ+ cos θ+
)
, (3.129)
O− =
(
eiγ1 cos θ− −e−i(β−−γ2) sin θ−
ei(β−+γ1) sin θ− eiγ2 cos θ−
)
. (3.130)
Here α2 = arg(m˜2) and the CP-violating angles β± and γ1,2 above are given by
tan β+ ≡ − sin θ
cos θ + |m˜2| cot β|µ|
, (3.131)
tan β− ≡ sin θ
cos θ + |m˜2| tan β|µ|
, (3.132)
tan γ1 ≡ − sin θ
cos θ +
2|m˜2|(m2χ˜1−|µ|
2)
g2|µ|v1v2
, (3.133)
tan γ2 ≡ sin θ
cos θ + g
2|m˜2|v1v2
2|µ|(m2
χ˜2
−|m˜2|)
, (3.134)
where θ ≡ αµ + α2 and mχ˜i (i = 1, 2) are the masses of the two charginos. θ+ and θ− are also
functions of m˜2, µ, v1 and v2 (see [130]).
3.3.3 CP violation in a GUT-scale N = 1 minimal SUGRA model
Let us proceed by describing a more constrained supersymmetric model. In particular, we want
to consider a spontaneously broken N = 1 SUGRA, which apart from gravitational interactions,
is essentially identical at low energies to a theory with softly broken supersymmetry with GUT
motivated relations at the GUT mass scale. One of the most appealing consequences of such a
constrained SUSY scenario is that it allows REWSB of SU(2)×U(1) with the fewest number of
free parameters.
According to conventional wisdom, complete universality of the soft supersymmetric param-
eters at the GUT-scale (or at the scale where the SUSY soft breaking terms are generated) is
assumed. More explicitly, a common scalar mass m0 and a common gaugino mass M1/2 at the
GUT-scale
m2H1 = m
2
H2 = m
2
R = m
2
L = m
2
Q = m
2
U = m
2
D = m
2
0 ,
m˜a = M1/2 , a = 1, 2 or 3 , (3.135)
and also universal boundary conditions for the soft breaking trilinear terms are assumed
AE = AD = AU ≡ AG . (3.136)
Of course, the above relations do not survive after renormalization effects from the GUT-scale
(which is usually taken to be MG ∼ 2× 1016 GeV) to the EW-scale are included.
It then follows that the universal parameters of the minimal SUGRA model at the GUT-scale
are: m0, M1/2, A
G, BG, µG and tanβ. This is the most general set of independent parameters
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before REWSB. However, a bonus of this economical framework is that REWSB occurs and the
parameters µG and BG are no longer taken as independent but are set by m0, M1/2 and tan β
(the magnitude of µ is adjusted to give the appropriate Z-boson mass but the sign of µ remains
as an independent parameter). Thus, the number of independent parameters is reduced to five,
namely m0, M1/2, A
G, sign(µ) and tan β.
In this GUT motivated SUGRA theory there are four possible new sources of CP nonconser-
vation at the GUT-scale. These are [121]: the universal trilinear coupling AG, the Higgs mass
parameter µG, the gauge mass parameter M1/2 and the parameter B
G. However, as was men-
tioned before, M1/2 can be made real by an R-transformation and by using one remaining phase
freedom, a redefinition of the Higgs fields can set the product BGµG to be real so that the VEV’s
of the two Higgs fields in the theory are also made real. We therefore have arg(µG) = − arg(BG).
With this choice we are left with only two new SUSY CP-odd phases at the GUT-scale which
are carried by AG and µG, apart from the usual CKM phase that originates from the Yukawa
couplings in the theory for three generations.
One can proceed by choosing a more constrained CP-violating sector by setting one of these
two phases to zero (we will address to this possibility in the next section), or even a “super”
constrained CP-violating sector by taking arg(µG) = arg(AG) = 0, thus being left (at the GUT-
scale) only with the usual CKM phase present as in the SM.
Note that having a universal phase for all trilinear couplings of sfermions at the GUT-scale,
does not necessarily mean that all sfermions will have the same phase (driven by their trilinear
coupling Af ) at the EW-scale. That is, the GUT-scale phases arg(A
G) and arg(µG) feed into the
other parameters of the theory through renormalization effects from the GUT-scale to the EW-
scale. In particular, these GUT-scale phases can produce different phases for different squarks
and sleptons of different generations. However, irrespective of what those different phases are at
the EW-scale, they can all be expressed in principle with the two new CP-odd phases of AG and
µG through the RGE in Eqs. 3.106-3.114. Thus, it is evident from the very simple structure of
the evolution equations of the gaugino masses (see Eq. 3.106) that m˜a, a = 1 − 3, are left with
no phase at any scale. Moreover, the difference between the three real low energy gaugino mass
parameters comes from the fact that they undergo a different renormalization as they evolve
from the GUT-scale to the EW-scale, due to the different gauge structure of their interactions.
In particular, they are related, at the EW-scale, by (see e.g., [131])
3 cos2 θW
5
m˜1
α
= sin2 θW
m˜2
α
=
m˜3
αs
, (3.137)
where θW is the weak mixing angle and m˜3 is the low energy gluino mass.
Notice now that with arg(m˜a) = 0, the RGE (Eqs. 3.106-3.114) simplify to a large extent, thus
we have only to consider the evolution of the AGf ’s and B
G (or equivalently µG) to the EW-scale.
This constrained version of the MSSM has strong implications on the low energy phase in At
as was suggested in [123]. In particular, it was shown that with and without universal trilinear
couplings at the GUT-scale and with some definite boundary conditions for them (for example,
arg(µG) = arg(AGf ) = 0 for fermion species f), the low energy CP-violating phase of At induces
potentially large phases in Au, Ad and B at the EW-scale (through relations obtained from the
above set of the RGE). This in turn gives rise to a large NEDM which is ruled out by the present
experimental limit. Therefore, severe constraints on the low energy phases of Af and µ where
obtained. We will return to this point in the next section.
3.3.4 A plausible low energy MSSM framework and the “SUSY-CP problem” of
the NEDM
The EDM of the neutron, dn, imposes important phenomenological constraints on SUSY models
[121, 123, 130, 132, 134, 135, 136, 137]. In particular, with a low energy MSSM that originates
from a GUT-scale SUGRA model (with complete universality of the soft breaking terms), keeping
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dn within its allowed experimental value (i.e., |dn| ∼< 10−25 e-cm [124]) requires the “fine tuning”
of the SUSY phases to be less than or of the order of 10−2 − 10−3 for SUSY particle masses of
the order of the EW symmetry breaking scale. We remark, though, that it has recently been
claimed in [134], that in some regions of the SUSY parameter space, cancellations among the
different components of the neutron EDM may occur and such a severe fine tuning for either the
SUSY masses or the SUSY CP-violating phases (i.e., at the order of 10−2) may not be necessary.
However, for such cancellations to occur SUSY parameters have to be suitably arranged and,
also, several large SUSY phases have to be present, which renders this scenario less predictive
and less attractive as well.
The NEDM can be written schematically in any low energy MSSM scenario in which the
CP-phases originate from the µ and the Af terms as [123]:
dn
10−25 e− cm = X
µ |µ|
MS
sinαµ +X
Au |Au|
MS
sinαu +X
Ad
|Ad|
MS
sinαd , (3.138)
where MS is the typical SUSY mass scale which may be used to describe the typical squark
masses. It was found in [123] that typical values of the Xi’s in almost every such low energy
SUSY realization are: XAu,Ad > O(1) and Xµ > O(102) for MS ∼< 500 GeV. Therefore, with6
|Af | ≈ |µ| ≈ MS , only moderate bounds can be put on sinαu and sinαd. In contrast, an
unambiguous severe constraint is obtained on the low energy phase of the Higgs mass term µ,
namely sinαµ < O(10−2) for MS ∼< 500 GeV (see also [31, 130, 136] and references therein).
The important finding in [123] is that if a complete universality of the soft breaking terms
is imposed at the GUT-scale and the two GUT phases are zero or very small, i.e., arg(AG) ≈
arg(BG) ∼< 0.1, then this severe constraint on sinαµ combined with the relations between ℑm (At)
and ℑm (µ), obtained from the RGE, leads to the comparable constraint sinαt < O(10−2). With
a universal A term at the GUT-scale this will also imply (through relations obtained from the
RGE) sinαu,d < O(10−2). Moreover, the above strong constraints on the SUSY CP-violating
phases hold even if the universality of the A terms is relaxed at the GUT-scale as long as the GUT-
scale CP-violating phases are kept very small. This strong constraint on the low energy phase of
At would also eliminate any possible SUSY CP-nonconserving effect in top quark systems.
While this scenario with very small CP-violating phases at the GUT-scale provides an ex-
planation of the smallness of the NEDM (in fact, the above constraints will drive the NEDM
to a value of the order of 10−27 − 10−28 e-cm), an unavoidable question then arises: why do
the CP-violating phases happen to be so small wherever they appear? If so, then an underlying
theory that screens the CP-violating phases is required.
We therefore feel that a somewhat different phenomenological approach is needed, namely,
the implication that sinαt < O(10−2) should be specially scrutinized in the top quark sector. The
latter, being very sensitive to sinαt at high energies, may serve as a unique probe for searching
for significant deviations from the above upper bound, sinαt < O(10−2) (see e.g., [138]). Indeed,
if at the GUT-scale the universality of the A terms is relaxed and no assumption is made on
the magnitude of the CP-violating phases, then one can construct a plausible low energy MSSM
framework which incorporates an O(1) low energy phase for At, while leaving the NEDM within
its experimental limit. The crucial difference in assuming non-universal boundary conditions for
the soft breaking trilinear A terms is that, in this case, there is no a-priori reason to believe that
the low energy phases associated with the different Af terms are related at the EW-scale. In
particular, the bounds on sinαu,d obtained from the experimental limit of the NEDM may not
be used to constrain sinαt. In addition, when no further assumption is made on the magnitude
of the CP-violating phases at the GUT-scale, a value of sinαµ → 0 may be realized without
contradicting any existing relation from the RGE.
6Since MS is the only SUSY mass scale associated with the squarks sector, it is natural to choose the soft
breaking terms to be of O(MS).
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As in [138] we therefore take the following phenomenological point of view in constructing a
plausible low energy set of the MSSM CP-violating phases and mass spectrum:
1. sinαµ → 0 as strongly implied from the analysis of the NEDM.
2. sinαu, sinαd and sinαt are not correlated at the EW-scale, which implicitly assumes non-
universal boundary conditions at the GUT-scale. In particular, sinαu, sinαd may then be
constrained only from the NEDM experimental limit, with no implications on the size of
sinαt.
3. Motivated by the theoretical prediction of the unification of the SU(3), SU(2) and U(1)
gauge couplings when SUSY particles with a mass scale around 1 TeV are folded into the
RGE, one may follow only the following traditional simplifying GUT assumption: there
is an underlying grand unification. As mentioned before, this leads us to have a common
gaugino mass parameter defined at the GUT-scale which can be made real by an R-rotation.
Thus, m˜a, a = 1 − 3 are left with no phase at any scale. Moreover, using the relation of
Eq. 3.137, once the gluino mass is set at the EW-scale, the SU(2) and U(1) gaugino masses
m˜2 and m˜1, respectively, are determined.
4. The typical SUSY-scale is MS and all the squarks except for the light stop, are assumed to
be degenerate with mass MS .
Note that in this low energy framework one is only left with the phases of the various Af
terms at the EW-scale, out of which only At plays a significant role in any high energy reaction.
For mf → 0 the superpartners of the light quarks are practically degenerate and therefore the
CP-violating effects from the phases of the other Af terms, corresponding to the light quarks,
can be safely neglected. Note again that our approach, the EW→GUT approach, assumes a
set of phases at the EW-scale, subject to existing experimental data, which implicitly assumes
arbitrary phases at the scale in which the soft breaking terms are generated. As was mentioned
above, this low energy CP violation scenario can naturally arise from a GUT-scale SUGRA model
if only the universality of the A terms is relaxed and no assumption is made on the magnitude
of the GUT-scale phases.
Also, the mass matrices of the neutralinos,Mχ˜0 , and charginos,Mχ˜, depend on the low energy
Higgs mass parameter µ, the two gaugino masses m˜2 and m˜1 (which are resolved by the gluino
mass) and tan β (see previous sections) and are therefore real in this scenario. Thus, once µ, m˜3
and tan β are set to their low energy values, the four physical neutralino species mχ˜0n (n = 1− 4)
and the two physical chargino species mχ˜m (m = 1, 2) are extracted by diagonalizing the real
matrices Mχ˜0 and Mχ˜.
5. Finally, the resulting SUSY mass spectrum may now be subject to the existing experimental
limits, i.e., limits on the masses of squarks, gluino, neutralinos, charginos, etc. (see e.g.,
[139]).
With these assumptions, when arg(µ) → 0, the leading contribution to a light quark EDM
comes from gluino exchange, which with the approximation of degenerate u˜ and d˜ squark masses
(which we will denote by mq˜), can be written as [130]:
dq(G) =
2αs
3π
Qqemq
|Aq| sinαq
m3q˜
√
rK(r) , (3.139)
where mq(mq˜) is the quark(squark) mass and Qq is its charge. Also, r ≡ m2G/m2q˜ (for the rest of
this section we denote the gluino mass by mG) and K(r) is given by
7
7Note that the function K(r) in Eq. 3.140 is slightly different from that obtained in [123]. However, we find
that numerically the difference is insignificant and does not change our predictions below.
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K(r) =
1
(r − 1)3
(
1
2
+
5
2
r +
r(2 + r)
1− r lnr
)
. (3.140)
Then, within the naive quark model, the NEDM can be obtained by relating it to the u and d
quarks EDM’s (i.e., du and dd, respectively) as
dn = (4dd − du)/3 . (3.141)
We now consider arg(Au) and arg(Ad) to be free parameters of the model irrespective of arg(At).
In Figs. 9(a) and 9(b) we have plotted the allowed regions in the sinαu− sinαd plane for |dn| not
to exceed 1 × 10−25 e-cm (for the present experimental limit see [124]) and 3 × 10−25 e-cm. In
calculating dn we assumed that the above naive quark model relation holds. Although there is
no doubt that it can serve as a good approximation for an order of magnitude estimate, it may
still deviate from the true theoretical value which involves uncertainties in the calculation of the
corresponding hadronic matrix elements. Note also that it was argued in [140] that the naive
quark model overestimates the NEDM, as the strange quark may carry an appreciable fraction
of the neutron spin which can partly screen the contributions to the NEDM coming from the u
and the d quarks. To be on the safe side, we therefore slightly relax the theoretical limit on dn
in Fig. 9(b) to be 3× 10−25 e-cm.
We have used, for these plots, md˜ = mu˜ =MS = 400 GeV, mG = 500 GeV and for simplicity
we also took |Au| = |Ad| =MS . As remarked before, it is only natural to choose the mass scale of
the soft breaking terms according to our typical SUSY mass scale MS . Also, we took the values
for current quark masses as md = 10 MeV, mu = 5 MeV and αs(mZ) = 0.118.
From Fig. 9(a) and in particular Fig. 9(b), it is evident that MS = 400 GeV and mG = 500
GeV can be safely assumed, leaving “enough room” in the sinαu − sinαd plane for |dn| not to
exceed 1 − 3 × 10−25 e-cm. We observe that while sinαu is basically not constrained, −0.35 ∼
< sinαd ∼< 0.35 is needed for |dn| < 1 × 10−25 e-cm and −0.55 ∼< sinαd ∼< 0.55 is needed for
|dn| < 3× 10−25 e-cm. Moreover, varying mG between 250 GeV to 650 GeV has almost no effect
on the allowed areas in the sinαu − sinαd plane that are shown in Figs.9(a) and 9(b).8 That is,
keeping MS = 400 GeV and lowering mG down to 250 GeV, very slightly shrinks the dark areas
in Figs.9(a) and 9(b), whereas, increasing mG up to 650 GeV slightly widens them. Of course, dn
strongly depends on the scalar massMS - increasing MS enlarges the allowed regions in Figs.9(a)
and 9(b) as expected from Eq. 3.139. It is also very interesting to note that, in some instances,
for a cancellation between the contributions of the u and d quarks to occur, sinαu, sinαd > 0.1
is essential rather than being just possible. For example, with | sinαu| ∼> 0.75, | sinαd| ∼> 0.1 is
required in order to keep dn below its experimental limit.
We can therefore conclude that CP-odd phases in the Au and Ad terms of the order of
few × 10−1 can be accommodated without too much difficulty with the existing experimental
constraint on the NEDM even for typical SUSY masses of ∼< 500 GeV. Therefore, we restate
what is emphasized in [138]: somewhat in contrast to the commonly held viewpoint we do not
find that a “fine-tuning” at the level of 10−2 is necessarily required for the SUSY CP-violating
phases for squark masses of a few hundreds GeV or slightly heavier.
3.3.5 CP and the pure Higgs sector of the MSSM
Since the superpotential is required to be a function of only left (or only right) chiral superfields,
it forbids the appearance of Hˆ∗1 and Hˆ∗2 in the superpotential W in Eq. 3.101. Therefore, since a
QˆiIHˆ
j
1UˆJ coupling in W is prohibited by gauge invariance, only H2 is responsible for giving mass
to up quarks and H1 to down quarks [129]. As a consequence, the requirement that there will
be no “hard” breaking terms of the symmetry Φi → −Φi in the Higgs potential is automatically
8We will take MS = 400 GeV and vary mG in this range in some of the CP-violating effects in collider
experiments to be discussed in the following chapters.
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Figure 9: The allowed regions in the sinαu−sinαd plane for the NEDM not to exceed (a) 1×10−25
e-cm and (b) 3 × 10−25 e-cm. MS = 400 GeV and mG = 500 GeV is used. The shaded areas
indicate the allowed regions. Figure taken from [138].
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satisfied in a minimal supersymmetric model. That is, λ6 = λ7 = 0 in Eq. 3.48, for the Higgs
potential in the MSSM. Moreover, no term of the form
(Φ†1Φ2)
2 + h.c. , (3.142)
appears in the Higgs potential of the MSSM [129], thus implying λ5 = 0 in Eq. 3.48. It is then
straightforward to observe that with the above constraints on the pure Higgs sector of the MSSM,
any phase which may appear in a complex soft breaking parameter (i.e., proportional to µ212 in
Eq. 3.48) can be removed by a redefinition of one of the Higgs doublet fields, thus also setting
the relative phase between the two VEV’s to zero. Therefore, the pure Higgs sector in the MSSM
possesses no CP violation [129]. Of course, CP violation may emerge in interactions of the Higgs
fields with the other fields in the theory due to the CP-violating phases carried by these latter
fields.
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4 Top dipole moments
4.1 Theoretical expectations
A non-vanishing value for the EDM of a fermion is of special interest as it signifies the presence
of CP-violating interactions. We recall that the search for the EDM of the neutron and that of
the electron have intensified in recent years. Since the top is such an unusual fermion, in fact so
heavy that it is very unlikely to exist as a bound state with another quark, it is clearly important
to ask: What is its EDM? How can we measure it, if at all? This topic has been of interest to
many for the past several years.
In the SM quarks cannot have an EDM at least to three loops [135]. For the electron the
three loop contribution has been estimated to be dγe (0) ∼ 10−37 e-cm. Simple dimensional scaling
then suggest for the top the value dγt (0) ∼ 10−31–10−32 e-cm, much too small to be observable.
In contrast, in extensions of the SM, e.g., MHDM’s and SUSY models, this situation changes
sharply and the Top Dipole Moment (TDM)9,10 can arise at the 1-loop level and as a result, the
typical TDM is of the order of 10−18−10−20 e-cm which is larger than the SM prediction by more
than 10 orders of magnitude. The enhancement due to the large top mass is particularly evident
in some models with an extended Higgs sector for which the dipole moments often scale as m3f .
Since at 1-loop light quarks (or neutron) in these models can get dipole moment of order 10−26
e-cm, the TDM could easily reach 10−20 e-cm or even more. It is at that level that measurable
consequences can arise.
Because of the unique importance of the top quark it should be clear that measurements of the
TDM will be extremely important. However, it should also be clear that due to the extraordinary
short life-time of the top quark (∼< 10−24 sec) it will be extremely difficult to actually measure
the static (i.e., at q2 = 0) TDM. Measurements of some of the effects driven by the presence of
a dipole moment form factor may have a better chance. In fact, the TDM may be considered as
a CP-odd form factor in the γtt¯, Ztt¯ or gtt¯ vertex that probes the interactions of a short-lived
top quark with an off-shell γ,Z or a gluon, respectively, and can be represented by
Γγ,Z,gµ = id
γ,Z,g
t (s)u¯t(pt)σµνγ5p
νvt¯(pt¯) , (4.1)
where s = q2, q = pt + pt¯ and color indices for Γ
g
µ were suppressed. Therefore, depending on the
masses in the loops, the TDM form-factor can also develop an imaginary part (contrary to the
static EDM of the electron or the quark) if the energy of the off-shell γ, Z or gluon is sufficient
for the particles in the loop to be on-shell, i.e., there is an absorptive cut.
Since the dipole moment characterizes the effective coupling between the spin of the fermion
and the external gauge field, to extract the dipole moment one needs information on the spin
polarization of the top quark. Fortunately, the left handed nature of the weak decays of the
top allows us to determine its polarization quite readily. As discussed in section 2.8, top quark
decays can analyze the initial polarization of the top quark. For instance in the leptonic decay
t → e+νeb, in the rest frame of the top quark the top is 100% polarized in the direction of the
e+ momentum. This greatly simplifies calculation of the top quark production followed by its
subsequent decay. The problem is then essentially reduced to calculating the production of a
polarized top quark. It is then straightforward to fold in the decay to the spin indices of the
top quark. A serious limitation to be kept in mind about this procedure is that it is only valid
when the decays are governed by the SM, since they assume the helicity structure of the SM. If
non-standard interactions make large contributions to the decay, the decay distributions may be
9Strictly speaking, the term dipole moment refers to the static form factor (i.e., at q2 = 0). Here we will mostly
concern ourselves with the dipole moment form factor at q2 6= 0; for simplicity, we will still use the term TDM
throughout.
10We will use the abbreviation TDM in general for dγ,Z,gt denoting the top quark EDM, weak-EDM (ZEDM)
and Chromo-EDM (CEDM), unless we need to explicitly separate the type.
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modified to the point that the polarimetry we have discussed is only approximate. This point
must be borne in mind when considering the effects of new physics.
A detailed discussion of the feasibility of extracting the TDM in future collider experiments
such as e+e−, pp → tt¯, will be given in subsequent sections. In this section we consider the
contribution to the TDM which arises in extended Higgs sectors and SUSY models.
4.2 Arbitrary number of Higgs doublets and a CP-violating neutral Higgs
sector
It is instructive to calculate the TDM in models with an arbitrary number of Higgs doublets
and singlets satisfying NFC (natural flavor conservation) constraints. CP violation arises as a
result of scalar exchanges between quarks, being driven by the imaginary parts of the complex
quantities (e.g., Z˜1n) defined as [77]:
1
(v1)2
〈φ01φ01〉q ≡
∑
n
√
2GF Z˜1n
q2 −m2Hn
, (4.2)
1
(v1v
∗
2)
2
〈φ+2 φ
∗+
1 〉q ≡
∑
n
√
2GFZn
q2 −m2H′n
, (4.3)
where v1 and v2 are the VEV’s of the neutral Higgs fields φ
0
1, φ
0
2 and the summation runs over all
the mass eigenstates of neutral or charged scalars in the theory (Hn or H
′
n, respectively). Also,
〈χη〉q stands, for any pair of scalar fields, χ and η, for the momentum dependent quantity
〈χη〉q =
∫
d4x〈0|T [χ(x)η(0)]|0〉e−iqx . (4.4)
CP violation in the neutral Higgs sector then generates the dominant 1-loop contribution to the
EDM of the top, i.e., dγt , through the 1-loop graph with the external photon line in Fig. 10(a)
(for this discussion, h ≡ Hn in Fig. 10(a)). This contribution is given by
dγt (0) =
2
√
2
3(4π)2
GFmte
∑
n
ℑmZ˜1nf
[
m2Hn
m2t
]
= (1.4× 10−21e− cm)
(
mt
GeV
)∑
n
ℑmZ˜1nf
[
m2Hn
m2t
]
, (4.5)
where
f(r) =

1− r2 ln r + r
2−2r√
r(4−r)
[
arctan
(
2−r√
r(4−r)
)
+ arctan
(
r√
r(4−r)
)]
, if r < 4
3− 4 ln 2 , if r = 4
1− r2 ln r − r
2−2r√
r(r−4) ln
[√
r−√r−4
2
]
, if r > 4
(4.6)
and r = m2Hn/m
2
t for any value of n. For r >> 4, f(r) approaches
1
r
(
ln r − 32
)
asymptotically.
The Z˜1n’s satisfy some important sum rules, for example [77]:∑
n
ℑm Z˜1n = 0 , (4.7)
so that dγt will vanish if all the neutral Higgs-bosons were degenerate; no such degeneracy is of
course expected. For illustrative purposes let us assume that the lightest neutral Higgs-boson,
with mass mh, dominates the sum in Eq. 4.5. Taking mh = 100 GeV and mh = 2mt (mt = 175
65
GeV) and setting ℑmZ’s to be of order unity, then dγt is about 1.3× 10−19 e-cm and 5.6× 10−20
e-cm, respectively. We note that for mh > mt, d
γ
t (0) varies slowly with mh [18].
For experimental purposes the top EDM at high q2 may be more relevant. This is given by
[18]:
dγt (q
2) =
2
√
2
3(4π)2
GFmte
∑
n
ℑmZ˜1nf
[
m2Hn
m2t
,
q2
m2t
]
, (4.8)
where
f(r, s) =
∫ 1
0
dx
∫ 1−x
0
dy
x+ y
(x+ y)2 + (1− x− y)r − xys− iǫ . (4.9)
For q2 > 4m2t , d
γ
t (q
2) develops an imaginary part. In the following section we will present explicit
numerical results for the real and the imaginary parts of dγt (q
2) and dZt (q
2) in a 2HDM with CP
violation in neutral Higgs exchanges. In this case, the top CEDM is immediately obtained by
replacing the photon with a gluon in Fig. 10(a) and, therefore, 23e with gs (the QCD coupling
constant) in Eqs. 4.5 and 4.8. So, dgt ∼ 1.5dγt where dγt is in e-cm and dgt in gs-cm. In theories with
such a Higgs sector many CP violation effects are driven by the top CEDM. The Schmidt-Peskin
energy asymmetry in pp → tt¯+X followed by top decay is one such interesting effect [20], and
we will discuss it in detail in Chapter 7.
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Figure 10: Feynman diagrams that contribute to the electric and weak top dipole moments in a
two Higgs doublets model with CP-violating interaction of a neutral Higgs (h) with a top quark.
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4.3 Expectations from 2HDM’s with CP violation in the neutral Higgs sector
The general analysis given in the previous section holds, of course, for any number of Higgs
doublets. However, let us now focus on the simplest extension of the Higgs sector. That is, a
2HDM with CP violation in the neutral Higgs sector driven by a phase in the Higgs-fermion-
fermion interaction [17, 80]. The example that we will explicitly consider here is the type II
2HDM; however, the analysis can also be applied to type I and III models with simple redefinitions
of the couplings (see also section 3.2). In this model the dipole moment form factors for the top
quark start to contribute at 1-loop order via the Feynman diagrams in Fig. 10. The required
CP-odd phase is provided by the Hktt¯ Lagrangian piece in Eq. 3.70, where Hk, for k = 1, 2, 3,
stands for the three neutral Higgs particles in the model. The couplings akt , b
k
t in Eq. 3.70 depend
on the three Euler angles, i.e., α1,2,3, which parameterize the neutral Higgs mixing matrix and
on tan β which is the ratio between the two VEV’s, v1 and v2, corresponding to the two Higgs
doublets of the model (for more details see section 3.2).
The top EDM and ZEDM within this class of 2HDM’s was considered in [17, 19]. They can
be written as
dγt (s) =
3∑
k=1
dγk(s)gk , (4.10)
dZt (s) =
3gtV
4 sin θW cos θW
dγt (s) +
3∑
k=1
d′Zt,k(s)g
′
k , (4.11)
where gtV = 1/2 − 4 sin2 θW/3 and in Model II
gk = a
k
t b
k
t = R1kR3k cot β/ sin β , (4.12)
g′k = b
k
t c
k = R3k(R2k cos β +R1k sin β) cot β . (4.13)
The 3× 3 neutral Higgs mixing mass matrix R is given in Eq. 3.73. ck in Eq. 4.13 is the coupling
constant associated with the ZZHk vertex, see Eqs. 3.71 and 3.72.
From Fig. 10(a),(b) and (c) one can extract the functions dγk and d
′Z
t,k
dγk(s) = −
eQt
√
2GFm
3
t
4π2
× C
a
11
2
, (4.14)
d′Zt,k(s) =
egtV
8π2 sin θW cos θW
√
2GFm
2
Zmt ×
Cb12 + C
c
11 −Cc12
2
, (4.15)
where Qt = 2/3. The three-point loop form factors C
i
x, x ∈ {11, 12} and i = a, b, c corresponding
to diagrams (a),(b),(c) in Fig. 10, are given in our notation by
Cax = Cx(m
2
Hk ,m
2
t ,m
2
t ,m
2
t , s,m
2
t ) ,
Cbx = Cx(m
2
t ,m
2
Hk ,m
2
Z ,m
2
t , s,m
2
t ) , (4.16)
Ccx = Cx(m
2
t ,m
2
Z ,m
2
Hk ,m
2
t , s,m
2
t ) ,
and Cx(m
2
1,m
2
2,m
2
3, p
2
1, p
2
2, p
2
3) is defined in Appendix A. Analytical expressions for the imaginary
parts of the three-point loop form factors, Cix, may be derived through the Cutkosky rule [17]:
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ℑmGk(s) ≡ ℑm
(
Ca11
2
)
= π
Θ(s− 4m2t )
mHk
√
s
[Z−3k ln(1 + Z
2
k)− Z−1k ] , (4.17)
ℑmDk(s) ≡ ℑm
(
Cb12 + C
c
11 − Cc12
2
)
= πΘ[s− (mZ +mHk)2]
×
{
Ak(s) +
[
4m2t −m2Z −m2Hk
2(4m2t − s)
+
m2Hk −m2Z
2s
]
Bk(s)
}
,
(4.18)
where
Zk =
√
(s− 4m2t )/m2Hk , (4.19)
Ak(s) =
√
wk
s(4m2t − s)
, (4.20)
and
Bk(s) = −a−1/2 ln
∣∣∣ bk+√awkbk−√awk ∣∣∣ , for a > 0
= −2√wk/bk , for a = 0
= −2(−a)−1/2 arctan(√−awk/bk) , for a < 0
 . (4.21)
also
a = s(s− 4m2t ) , (4.22)
bk = s[s− (m2Z +m2Hk)] , (4.23)
wk = [s− (mZ +mHk)2][s− (mZ −mHk)2] . (4.24)
The real parts are obtained from a dispersion relation
ℜeGk(s) = 1
π
P
∫ ∞
4m2t
ds′
ℑmGk(s′)
s′ − s . (4.25)
ℜeDk(s) = 1
π
P
∫ ∞
(mZ+mHk )
2
ds′
ℑmDk(s′)
s′ − s . (4.26)
Let us now assume again that the masses of the other two neutral Higgs particles are considerably
larger then the lightest one and, therefore, the lightest neutral Higgs dominates the sums in
Eqs. 4.10 and 4.11. Recall that the CP-violating effects would vanish if the Higgs were degenerate,
i.e., dγt = d
Z
t = 0, due to the orthogonality properties of the neutral Higgs mixing matrix. With
no loss of generality we denote the lightest neutral Higgs by h with couplings g1, g
′
1, corresponding
to k = 1 in Eqs. 4.12 and 4.13. Also, we scale out the couplings g1, g
′
1 and plot in Figs. 11(a),(b)
and 12(a),(b) the real and imaginary parts of dγt and d
′Z
t (recall that d
′Z
t is the contribution to
the ZEDM which arises through diagrams (b) and (c) in Fig. 10) for a variety of Higgs masses,
mh = 100, 200, 300 GeV and mt = 175 GeV.
We can see from Figs. 11(a),(b) that ℜe(dγt ) and ℑm(dγt ) are typically ∼ 10−19 − 10−18 e-cm
for mh = 100− 300 GeV. The peak in the threshold region, shown in Fig. 11(b), originates from
a Coulomb-like singularity present in diagram (a) of Fig. 10. This is more pronounced, of course,
for light Higgs masses. Note that the contribution from the diagram in Fig. 10(a) to ℜe(dZt ) and
ℑm(dZt ) is smaller by a factor of 3gtV /4 sin θW cos θW ≃ 0.35 than the contribution to ℜe(dγt ) and
ℑm(dγt ) as can be seen from Eq. 4.11.
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As is evident from Figs. 11 and 12, ℜe(d′Zt ) and ℑm(d′Zt ) are typically about one order of
magnitude smaller than ℜe(dγt ) and ℑm(dγt ), respectively. Clearly, disregarding the 1-loop form
factors, this difference is in part due to the different couplings in Eqs. 4.14 and 4.15. Thus one
finds
dγt
d′Zt
≈ 2Qt sin θW cos θW
gtV
× m
2
t
m2Z
≃ 10.7 . (4.27)
Moreover, the difference between the contributions from Fig. 10(a) and Figs. 10(b) and (c) be-
comes even more pronounced once the 2HDM couplings g1 and g
′
1 are included. In particular,
from Eqs. 4.12 and 4.13 one finds that, for tan β < 1, g1 ∝ 1/ tan2 β and g′1 ∝ 1/ tan β. Thus, as
we will show below, the ratio g1/g
′
1 may even become as large as ∼ 10 for tan β ∼< 0.5.
In Figs. 13(a) and (b) we show the dependence of the real and imaginary parts of dγt and d
′Z
t
on the mass of the lightest Higgs-boson mh. Evidently, the dependence of d
′Z
t on mh is rather
insignificant, while dγt drops as mh increases.
The EDM’s of the neutron and electron do not constrain the neutral Higgs mixing matrix
in any significant way. Thus, as already mentioned above, its matrix elements, which enters
g1 and g
′
1 in Eqs. 4.12 and 4.13 could be of O(1). Furthermore, for some versions of 2HDM,
tan β < 1 is a viable alternative. In this case |g1|, |g′1| can even become larger than one, further
enhancing the dipole form factors. Let us now include the factors g1 and g
′
1 in calculating the
top’s EDM and ZEDM. For illustration, we choose three sets for the two Euler angles 11 {α1, α2}
and take tan β = 0.3. Set I: {α1, α2} = {π/4, π/2} , Set II: {α1, α2} = {π/4, 3π/4} and Set III:
{α1, α2} = {π/4, π/4}. Note that in Set I g1 is maximized, in Set II g′1 > 1 and in Set III g1 and
g′1 have opposite relative signs such that the contributions of d′Zt and d
γ
t to d
Z
t add. In particular,
in terms of g1 and g
′
1 we have
Set I : g1 ≃ 5.8 , g′1 ≃ 0.48 , (4.28)
Set II : g1 ≃ 4.1 , g′1 ≃ 1.14 , (4.29)
Set III : g1 ≃ 4.1 , g′1 ≃ −0.46 . (4.30)
In Table 2 we give the real and imaginary parts of dγt and d
Z
t (the total ZEDM including diagrams
(a),(b) and (c) in Fig. 10). For illustration, we present numbers for mh = 100, 200, 300 GeV
and
√
s = 500, 1000 GeV. We see from Table 2 that dγt ranges from a few ×10−19 e-cm to
a few ×10−18 e-cm. Also, as expected, dZt is typically smaller by about a factor of ∼ 3 − 4.
The imaginary parts tend to be bigger by factors ranging from 2–10 for
√
s = 1000, 500 GeV
respectively. In passing we also note that the weak dipole moment form factors obtained here
are about an order of magnitude bigger than that found in [18]. Note that, here also, the top
CEDM is immediately obtained by replacing the photon with a gluon and, therefore, 23e with gs.
11note that in the parameterization of Eq. 3.73 in section 3.2.3, g1 and g
′
1 are insensitive to α3 and it is sufficient
to consider only α1 and α2
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Table 2: Real and Imaginary parts of dγt and d
Z
t in units of 10
−19 e-cm, for mh = 100, 200 and
300 GeV and for
√
s = 500 GeV and
√
s = 1 TeV (in parenthesis). tan β = 0.3 and Set I,II,III
means {α1, α2} = {π/4, π/2} , {π/4, 3π/4} , {π/4, π/4}, respectively.
Type of moment mh The different Sets of {α1, α2}, tan β = 0.3
(10−19 e− cm) ⇓ (GeV) ⇓ Set I Set II Set III
100 1.97(3.77) 1.40(2.66) 1.40(2.66)
ℜe(dγt ) 200 −3.36(2.26) −2.38(1.60) −2.38(1.60)
300 −4.75(1.27) −3.36(0.90) −3.36(0.90)
100 −23.89(−5.44) −16.88(−3.84) −16.88(−3.84)
ℑm(dγt ) 200 −16.56(−4.91) −11.70(−3.47) −11.70(−3.47)
300 −11.34(−4.33) −8.02(−3.06) −8.02(−3.06)
100 0.62(1.25) 0.36(0.83) 0.52(0.93)
ℜe(dZt ) 200 −1.17(0.74) −0.87(0.47) −0.78(0.57)
300 −1.57(0.40) −1.04(0.24) −1.18(0.33)
100 −7.96(−1.81) −5.41(−1.21) −5.85(−1.34)
ℑm(dZt ) 200 −5.45(−1.62) −3.58(−1.08) −4.12(−1.22)
300 −3.64(−1.42) −2.22(−0.93) −2.91(−1.08)
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Figure 11: Imaginary (a) and Real (b) parts of dγt in units of 10
−19 e-cm as a function of
√
s,
for various masses of the lightest neutral Higgs (h) and for mt = 175 GeV.
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Figure 12: Imaginary (a) and Real (b) parts of d′Zt in units of 10−19 e-cm as a function of
√
s,
for various masses of the lightest neutral Higgs (h) and for mt = 175 GeV.
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Figure 13: Imaginary and Real parts of dγt and d
′Z
t in units of 10
−19 e-cm as a function of mh,
for (a)
√
s = 500 GeV and (b)
√
s = 1 TeV and for mt = 175 GeV.
4.4 Expectations from a CP-violating charged Higgs sector
In models with three or more Higgs doublets [45, 110], it is also possible to have CP violation in
the charged Higgs sector. In this case a top EDM, ZEDM and CEDM receives contributions from
diagrams in Figs. 14(a) and 14(b) with q′ = {d, s, b}. In the case of the 3 Higgs doublet model
as considered for example in section 3.2.4 we may express the coupling of the lighter charged
Higgs-bosons, say H+2 ≡ H+, to the third generation of quarks as (see also Eq. 3.88 for our
notation):
LtbH+ =
gW√
2mW
Ktb (mtβ2t¯RbL +mbα2t¯LbR) + h.c , . (4.31)
where K is the CKM matrix (we will assume that Ktb ≈ 1); β2 and α2 are complex parameters
of the model (for a more complete description of these parameters see section 3.2.4). Also, we
neglect contributions from the H+td and H+ts couplings as those will yield a TDM smaller by
a factor of ∼ (md/mb)2 and ∼ (ms/mb)2, respectively, compared to the TDM coming from the
H+tb Lagrangian piece.
The CP violation in this case is proportional to the quantity ℑm(V ) where V ≡ (β2α∗2). We
denote the coupling of a vector-boson to the b-quark by
− iγµ(AbV +BbV γ5) , (4.32)
and the coupling of a vector-boson to the pair of charged Higgs by
iCHV (pH+ − pH−)µ , (4.33)
where pH± are the in-going momenta of the charged Higgs-bosons.
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In [141] we have calculated the contribution of the charged Higgs exchanges in Figs. 14(a) and
14(b) to the b-quark dipole moment. The top EDM, ZEDM or CEDM given by these diagrams
may, therefore, be extracted from [141] by the replacement mb ↔ mt and are thus given by
dγ,Z,gt = −
α
4π sin2 θW
ℑm(V ) m
2
b
m2W
mt
[
Abγ,Z,gC
a
12 − CHγ,Z,g(Cb12 +
1
2
Cb0)
]
, (4.34)
where Cix, x ∈ {0, 12} and i = a, b, are the three-point loop form factors corresponding to
diagrams (a),(b) in Fig. 14 such that
Cax = Cx(m
2
H+ ,m
2
b ,m
2
b ,m
2
t , s,m
2
t ) ,
Cbx = Cx(m
2
b ,m
2
H+ ,m
2
H+ ,m
2
t , s,m
2
t ) . (4.35)
Here s = (pt + pt¯)
2 and Cx is defined in Appendix A. Also
Abγ = −
1
3
e , CHγ = e , (4.36)
AbZ =
e
2 sin θW cos θW
(
−1
2
+
2
3
sin2 θW
)
, CHZ = e cot 2θW , (4.37)
Ag = gs , C
H
g = 0 , (4.38)
where e is the electric charge, gs is the strong coupling constant and θW is the weak mixing angle.
Note that in the case of the gluon, i.e., the CEDM, only Fig. 14(a) enters as the gH+H− coupling
is absent.
Using mH+ = 200 GeV (also mt ≃ 175 GeV) and denoting dγ,Z,gt ≡ ℑm(V )δγ,Z,gt (s) we find
that for 500 GeV <
√
s < 1000 GeV
ℑmδγ,Z,gt ,ℜeδγ,Z,gt ∼< few × 10−22 e− cm, gs − cm , (4.39)
where, in fact, for
√
s = 1000 GeV, ℜeδγ,Zt ∼< 10−23 e − cm. Moreover, as mH+ is increased the
TDM drops rapidly and, for example, for mH+ = 500 GeV, we find that, typically, ℑmδγ,Z,gt and
ℜeδγ,Z,gt are smaller than ∼ 10−22 e-cm or gs-cm. Such small TDM, residing in charged Higgs
exchanges, is expected simply by comparing δγ,Z,gt above to the corresponding terms for neutral
Higgs exchanges which were given in the previous sections. In particular, one can immediately
observe that the contribution to the TDM from charged Higgs exchanges is naively suppressed
by a factor of ∼ (mb/mt)2 with respect to the neutral Higgs exchanges wherein the TDM was
found to be typically at the order of ∼ 10−19 e-cm.
Let us briefly consider what constraints can be placed on the parameter, ℑm(V ), by use of
the experimental results on the EDM of the neutron (NEDM) and on the decay b→ sγ. For our
discussion we will simply use the bound given in [124] on the NEDM
den ∼< 10−25 e-cm . (4.40)
Using our previous results given in Eq. 4.34 one can deduce an expression for the electric dipole
moment of the light (u, d)-quarks in the charged Higgs model (see [141]). Making the simplifying
assumption that the NEDM equals that of its valence quarks one finds (as has been noted before
[45]) that there is significant uncertainty from the numerical value of the mass of the light quark
to be used in the above formula. For the purpose of obtaining an upper bound on ℑm(V ) we
can take the current mass to be ∼ 10 MeV. Then for mt = 180 GeV, mH+ in the range 200–500
GeV, we find from Eq. 4.40 and using Eq. 4.34 for the light u, d-quarks that ℑm(V ) ∼< 10 [141].
The experimental data on the decay b → sγ can also constrain this parameter. In particular, it
75
was shown in [88, 113] that, for mH+ = 200 − 500 GeV and neglecting the effects of the second
charged Higgs of the model, a conservative upper bound of
ℑm(V ) ∼< 3− 9 , (4.41)
can be placed from the CLEO measurement of the decay rate of b → sγ (see also discussion in
section 3.2.4).12 It turns out, however, that even when using ℑm(V ) = 10, in conjunction with
numerical values for δγ,Z,gt (q
2) as given before, the TDM is expected to be ∼< 10−21 e-cm in this
class of charged Higgs mediated CP violation. Thus, it is typically smaller by at least an order
of magnitude than what one would expect from CP-violating neutral Higgs exchanges and from
the MSSM (see the following section).
Finally, it should be noted that in any given MHDM with new mechanisms of CP violation
in the charged Higgs sector, i.e., three and more Higgs doublets, the neutral Higgs sector will
also acquire new CP-violating phases which in general cannot be screened (see section 3.2.4).
Therefore, as was already mentioned before, in the top quark case, CP-violating neutral Higgs
exchanges dominate the charged Higgs by a typical factor of ∼ (mt/mb)2. One power of (mt/mb)
originates from the ratio between the neutral and charged Higgs couplings to fermions and another
power of (mt/mb) comes in from the necessary mass insertion in the propagator of the fermion
in the loop. Thus, the charged Higgs contribution is negligible compared to one from a neutral
Higgs. Note, however, that in light quark systems charged Higgs exchanges are expected to yield
the dominant CP-violating effects since the above argument is basically reversed [141].
12We note, however, that the limit on ℑm(V ) gets weaker as the masses of the two charged Higgs approach
the same value, due to a GIM-like cancellation of the CP-violating effect mediated by the two. For example, if
mH+ = 350 GeV and the mass of the second charged Higgs is ∼ 500 GeV, then ℑm(V ) ∼> 10 does not contradict
the upper bounds on b→ sγ, and, of course, no such limit exist at all if the two charged Higgs are degenerate [88].
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Figure 14: Feynman diagrams that contribute to the electric, weak and chromo-electric top dipole
moments due to CP-violating interactions of a charged Higgs with a top quark. V = γ, Z (also
V =gluon in diagram (a)) and q′ stands for d, s or b-quark.
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4.5 Expectations from the MSSM
Within the MSSM the TDM can also arise already at 1-loop even without generation mixing. As
was mentioned in section 3.3, in general, the required CP-violating phases are provided by the
chargino and neutralino mixing matrices as well as the squarks q˜L − q˜R mixing matrices. If one
assumes GUT-scale unification which leads to a common gaugino mass at the GUT-scale, then
the phase in the gaugino mass term can be rotated away, leaving the gaugino masses phaseless
at any scale. Thus one is left with only three phases (neglecting generation mixing between the
squarks) relevant for the TDM at the EW-scale; αµ, αt and αb which arise from the Higgs mass
term µ and the stop and sbottom mixing matrices, respectively (for the definitions of αµ, αt and
αb see Eq. 3.123 in section 3.3.2). We recall (see Eqs. 3.122 and 3.125 in section 3.3.2) that, for a
sfermion f˜ , it is useful to adopt a parameterization for its f˜L− f˜R mixing such that the sfermions
of different handedness are related to their mass eigenstates through the transformation
f˜L = cos θf f˜1 − e−iβf sin θf f˜2 ,
f˜R = e
iβf sin θf f˜1 + cos θf f˜2 , (4.42)
where f˜1,2 are the two mass eigenstates (i.e. physical states) and the phase βf is related to the
phase αf by Eq. 3.123. The contribution to the CP-violating TDM which arise from the above
f˜L − f˜R mixing matrix will always be proportional to the quantity (see also Eq. 3.126)
ξfCP ≡ 2|ξif | = sin 2θf sin βf . (4.43)
Clearly, from Eq. 4.42 we see that ξfCP → 0 if the two sfermions are nearly degenerate.
In the MSSM the TDM can therefore acquire a non-vanishing value through the Feynman
diagrams depicted in Fig. 15. One can then distinguish between the following three contributions:
1. Gluino contribution, dγ,Zt(g˜), with t˜t˜
∗g˜ in the loop (see Fig. 15(b)).
2. Chargino contribution, dγ,Zt(χ˜+), with χ˜
+χ˜−b˜ (see Fig. 15(a)) and b˜b˜∗χ˜+ in the loop (see
Fig. 15(b)).
3. Neutralino contribution, dγ,Zt(χ˜0), with χ˜
0χ˜0t˜ (see Fig. 15(a)) and t˜t˜∗χ˜0 in the loop (see
Fig. 15(b)).
The gluino contribution was considered in [142, 143, 144, 145]. It is
dγt(g˜) =
αs
3π
Qtξ
t
CPmg˜ ×
(
C110 + C
11
11 − C220 − C2211
)
, (4.44)
dZt(g˜) =
αs
6π sin θW cos θW
ξtCPmg˜ ×{(
cos2 θt − 4
3
sin2 θW
)(
C110 + C
11
11 − C210 − C2111
)
+(
sin2 θt − 4
3
sin2 θW
)(
C120 + C
12
11 − C220 − C2211
)}
, (4.45)
where the three-point 1-loop form factors, Cijx , x ∈ {0, 11} and i, j = 1, 2, are given by:
Cijx = Cx(m
2
g˜,m
2
t˜i
,m2t˜j ,m
2
t , s,m
2
t ) , (4.46)
and Cx is defined in Appendix A. Also, θt and ξ
t
CP are defined in Eqs. 4.42 and 4.43, respectively.
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The chargino contribution was given in [146]:
dγt(χ˜+) = −
αYt
4π sin2 θW
×
2∑
m,j=1
mχ˜+j
(
Cm,jj11 − Cm,jj12 −
1
6
(Cj,mm0 + C
j,mm
11 )
)
×
{(1− (−)m cos 2θb)ℑm[Uj1Vj2]+
Yb(−)m sin 2θbℑm[Uj2Vj2eiβb ]
}
, (4.47)
dZt(χ˜+) =
α
16π sin3 θW cos θW
×
(
f+1 + f
+
2 + s
+
1 + s
+
2
)
, (4.48)
where
f+1 = −Yt
2∑
m,j,k=1
mχ˜+j
(
Cm,jk11 − Cm,jk12
)
×
{(
δjk(1 + 2 cos 2θW ) + |Uk1|2 − |Vk2|2
)
×(
(1− (−)m cos 2θb)ℑm[Uj1Vj2] + Yb(−)m sin 2θbℑm[Uj2Vj2eiβb ]
)
− Yb(1− δjk)(−)m sin 2θb ℑm[Uj2Vj2eiβb ]
}
, (4.49)
f+2 = −mtYb sin 2θbℑm[U∗11U12eiβb ]×
2∑
m=1
(−)m
(
Cm,1211 + C
m,12
21 − 2Cm,1212 − 2Cm,1223
)
, (4.50)
s+1 = −Yt
2∑
k,m,n=1
mχ˜+
k
(
Ck,mn0 + C
k,mn
11
)
×
(
2
3
sin2 θW δmn +
1
2
(1− (−)n cos 2θb)
)
×
{(1− (−)m cos 2θb) ℑm[Uk1Vk2]+
Yb(−)m sin 2θb ℑm[Uk2Vk2eiβb ]
}
, (4.51)
s+2 = −mtYb sin 2θb
2∑
k=1
(
Ck,1211 + C
k,12
21 − 2Ck,1212 − 2Ck,1223
)
×
ℑm[U∗k1Uk2eiβb ] , (4.52)
where m,n are sbottom indices and j, k are the chargino indices. Thus, the above three-point
1-loop form factors Cℓ,mnx and C
m,jk
x for m,n = 1, 2 and ℓ = j or k = 1, 2, x ∈ {0, 11, 12, 21, 23},
are given by
Cℓ,mnx = Cx(m
2
χ˜+
ℓ
,m2
b˜m
,m2
b˜n
,m2t , s,m
2
t ) , (4.53)
Cm,jkx = Cx(m
2
b˜m
,m2
χ˜+
j
,m2
χ˜+
k
,m2t , s,m
2
t ) , (4.54)
and Cx is defined in Appendix A. Also, Yt and Yb are the top and bottom Yukawa couplings
Yt =
mt√
2mW sin β
, Yb =
mb√
2mW cos β
, (4.55)
and, as usual, tan β is the ratio between the VEV’s of the two Higgs doublets in the theory.
Furthermore, note that the phase αµ, although not explicitly appearing in the above, is contained
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in U and V which are the 2 × 2 matrices that diagonalize the chargino mass matrix and, in the
notation used in section 3.3.2, we have U∗ ≡ (Z−)† and V ∗ ≡ Z+. The definitions of Z+ and Z−
are given in section 3.3.2 by Eqs. 3.127 - 3.134.
The neutralino contribution was also given in [146]:
dγt(χ˜0) =
α
12π sin2 θW
4∑
k=1
2∑
m=1
mχ˜0
k
(
Ck,mm0 + C
k,mm
11
)
×{
(−)m sin 2θtℑm[(h2Lk − fLkf∗Rk)e−iβt ]
−(1− (−)m cos 2θt)ℑm[hLkf∗Lk]−
(1 + (−)m cos 2θt)ℑm[hLkfRk]} , (4.56)
dZt(χ˜0) =
α
16π sin3 θW cos θW
×
(
2f01 + 2f
0
2 + s
0
1 + s
0
2
)
, (4.57)
where
f01 =
1
2
4∑
j,k=1
2∑
m=1
mχ˜0j
(
Cm,jk11 − Cm,jk11
)
×
{
(−)m sin 2θtℑm[O′′jk(fLjf∗Rk − fLkf∗Rj)e−iβt ]
−(1 + (−)m cos 2θt)ℑm[O′′jk(h∗Ljf∗Rk − h∗Lkf∗Rj)]
−(1− (−)m cos 2θt)ℑm[O′′jk(hLjf∗Lk − hLkf∗Lj)]
}
, (4.58)
f02 =
1
2
mt
4∑
j<k
2∑
m=1
(
Cm,jk11 + C
m,jk
21 − 2Cm,jk12 − 2Cm,jk23
)
×
{
2(−)m cos 2θtℑm[hLjO′′jkh∗Lk]
−2(−)m sin 2θtℑm[(f∗Lj − fRj)O′′jkh∗Lkeiβt ]
+(1− (−)m cos 2θt)ℑm[f∗LjO′′jkfLk]
+(1 + (−)m cos 2θt)ℑm[fRjO′′jkf∗Rk]
}
, (4.59)
s01 =
1
2
4∑
k=1
2∑
m,n=1
mχ˜0
k
(
Ck,mn0 + C
k,mn
11
)
×
{
(−)m
(8
3
sin2 θW δmn − (1− (−)n cos 2θt)
)
ℑm[(h2Lk − fLkf∗Rk)e−iβt ]
−
(8
3
sin2 θW δmn(1 + (−)m cos 2θt)− (−)m+n sin2 2θt
)
ℑm[hLkfRk]
−
(8
3
sin2 θW δmn − (1− (−)n cos 2θt)
)
(1− (−)m cos 2θt)×
ℑm[hLkf∗Lk]} , (4.60)
s02 = mt sin 2θt
4∑
k=1
(
Ck,1211 + C
k,12
21 − 2Ck,1212 − 2Ck,1223
)
×
ℑm[h∗Lk(f∗Lk − fRk)eiβt ] . (4.61)
For the neutralino contribution above, m,n are stop indices and j, k are the neutralino indices.
Thus, the above three-point 1-loop form factors, Cℓ,mnx and C
m,jk
x form,n = 1, 2 and ℓ = j or k =
1, 2, x ∈ {0, 11, 12, 21, 23}, are given by
Cℓ,mnx = Cx(m
2
χ˜0
ℓ
,m2t˜m ,m
2
t˜n
,m2t , s,m
2
t ) , (4.62)
Cm,jkx = Cx(m
2
t˜m
,m2χ˜0
j
,m2χ˜0
k
, ,m2t , s,m
2
t ) , (4.63)
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and Cx is again defined in Appendix A. Also, fLj, fRk are gaugino couplings and hLj are higgsino
couplings that contain the large Yukawa coupling Yt. O
′′
jk contains elements of the neutralino
mixing matrices. The factors fLj, fRk, hLj , O
′′
jk are all given in [146].
In order to be able to estimate the size of the TDM one has to choose a plausible set of the
SUSY masses and parameters involved, i.e., m˜2, µ, tan β, mt˜k , mb˜k , cosαt, cosαb and the phases
αµ, βt and βb. A reference set of parameters was chosen in [146]:
m˜2 = 230, 360 GeV mt˜1 = 150 GeV mb˜1 = 270 GeV
|µ| = 250 GeV mt˜2 = 400 GeV mb˜2 = 280 GeV
tan β = 2 θt =
π
9 θb =
π
36
αµ =
4π
3 βt =
π
6 βb =
π
3
Note that with a common gaugino mass at the GUT-scale all the low-energy gaugino mass
parameters are related and are proportional to m˜2 - the SU(2) gauginos mass term at the GUT-
scale. For example, mg˜ ≈ 3m˜2 (for more details see section 3.3).
The real and imaginary parts of the top EDM and ZEDM, including all contributions in
diagrams (a) and (b) in Fig. 15 (i.e., gluino, chargino and neutralino contributions), with the
above set of the relevant SUSY parameters and as a function of the c.m. energy of the collider,√
s , are given in Fig. 16. We see that, typically:
ℜedγ,Zt (s) , ℑmdγ,Zt (s) ∼ 10−20 − 10−19 e− cm . (4.64)
Note that this results is about one order of magnitudes smaller than what is expected in the
2HDM discussed in section 4.3.
Consider now the low energy MSSM scenario described in section 3.3.4. There we have
taken αµ → 0, motivated by the experimental bound on the NEDM which strongly implies that
αµ < 10
−2−10−3. Moreover, all squarks except from the light stop were assumed to be degenerate
with a mass MS . It is instructive to evaluate the TDM in this limit in which the only relevant
CP-odd phase resides in t˜L − t˜R mixing and is proportional to sin βt (or equivalently to sinαt
- the phase in the top trilinear soft breaking term At). In this framework d
γ,Z
t(χ˜+) = 0 since the
two sbottom particles are degenerate. Moreover, dγ,Zt(χ˜0) gets its contribution only from terms
proportional to sinβt in Eqs. 4.56-4.61 where, in general, one finds that d
γ,Z
t(χ˜0) < d
γ,Z
t(g˜). Thus, in
this scenario the TDM can be approximated by considering only the gluino exchange diagram in
Fig. 15(b) for which only the masses mt˜1 ,mt˜2 and mg˜ are relevant.
In Figs. 17, 18 and 19 we have plotted the imaginary and real parts of dγ,Zt(g˜) in the above MSSM
scenario with ξtCP = 1 and with the approximation d
γ,Z
t ≃ dγ,Zt(g˜), as a function of
√
s,mg˜ and mt˜1
(the light stop mass), respectively. Our reference set of masses for these figures are mt˜1 = 50
GeV and mt˜2 = mg˜ = 400 GeV. We again see that, typically, ℜe,ℑm(dγ,Zt ) ∼ 10−20 − 10−19
e-cm. From Fig. 18(a) we see that there is a small enhancement in the imaginary part of the
TDM as the gluino mass gets smaller and, for example, we find |ℑm(dγt )| ≃ 3.25× 10−19 e-cm for
mg˜ = 200 GeV. Fig. 19(b) illustrates how the TDM vanishes when the two stop mass eigenstates
are degenerate, i.e., mt˜1 = mt˜2 = 400 GeV.
It is important to note that within the MSSM, unlike in MHDM cases, the top CEDM cannot
be calculated simply by replacing the off-shell photon with an off-shell gluon. The reason is that
SUSY models give rise to an additional gg˜g˜ coupling (i.e., gluon-gluino-gluino coupling). Thus,
in addition to replacing the photon with the gluon in Fig. 15(b), a full calculation of dgt has to
include the additional diagram with g˜g˜t˜ in the loop. This effect was considered in the context of
CP violation in pp→ tt¯+X by Schmidt [147], and we will return to it in Chapter 7.
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Figure 15: Feynman diagrams contributing to dγt and d
Z
t : (a) with two fermions and one scalar
in the loop, (b) with two scalars and one fermion in the loop.
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ℑmdγt
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√
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(b)
Figure 16: dγt (s) and d˜
Z
t (s) (note that d
Z
t (s) ≡ d˜
Z
t (s)
2 cos θW sin θW
) in units of 10−20 e-cm, for the
reference parameter set with m˜2 = 230 GeV. Note that in (a) ℑmdγt (s) (full line), ℑmd˜Zt (s)
(dashed line), and in (b) ℜedγt (s) (full line), ℜed˜Zt (s) (dashed line). Figure taken from [146].
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Figure 17: Imaginary (a) and Real (b) parts of dγt and d
Z
t , due to only the gluino exchange diagram
depicted in Fig. 15(b), in units of 10−19 e-cm and as a function of
√
s. We use: mt˜1 = 50 GeV,
mt˜2 = mg˜ = 400 GeV and mt = 175 GeV.
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Figure 18: Imaginary (a) and Real (b) parts of dγt and d
Z
t , emanating from only the gluino
exchange diagram depicted in Fig. 15(b), in units of 10−19 e-cm and as a function of the gluino
mass mg˜. We use:
√
s = 500 GeV, mt˜1 = 50 GeV, mt˜2 = 400 GeV and mt = 175 GeV.
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Figure 19: Imaginary (a) and Real (b) parts of dγt and d
Z
t , emanating from only the gluino
exchange diagram depicted in Fig. 15(b), in units of 10−19 e-cm and as a function of the light
stop mass mt˜1 . We use:
√
s = 500 GeV, mt˜2 = mg˜ = 400 GeV and mt = 175 GeV.
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4.6 Top dipole moments - summary
In this section we have performed a detailed investigation of the top quark dipole moments in
models beyond the SM in which new CP-violating phases appear rather naturally. The models
that we have considered are MHDM’s and the MSSM. In Table 3 we summarize our numerical
results for the expected TDM within these class of models and for comparison we also write the
expected size of the TDM in the SM. For illustration, for each model the TDM is evaluated by
setting the corresponding CP-violating quantities to plausible representative values, compatible
with existing experimental limits if any.
Let us also summarize below the salient features of the CP-violating mechanisms of these
models which give rise to a non-vanishing TDM, and specify our choice of values used in Table 3
for the CP-violating quantities of each model.
• MHDM’s:
In general one can distinguish between two types of Higgs mediated CP-violating contribu-
tions to the TDM in MHDM’s:
1. TDM from neutral Higgs exchanges:
In any MHDM with or without NFC and with new CP-violating phases in the neutral
Higgs sector, the neutral Higgs-fermion-fermion interaction Lagrangian may be generically
expressed as (say for h - the lightest neutral Higgs)
Lhff = −gW√
2
mf
mW
hf¯
(
ahf + ib
h
fγ5
)
f . (4.65)
The hZZ vertex which is also needed for calculating the TDM in the case of 1-loop neutral
Higgs exchanges is given by (see Eq. 3.71)
LhZZ = gW m
2
Z
m2W
chhgµνZ
µZν . (4.66)
The CP-violating TDM then arises from the interference between the scalar, aht , and the
pseudoscalar, bht , couplings in Eq. 4.65 and the interference between the scalar, a
h
t , and the
hZZ coupling ∝ ch in Eq. 4.66.
The numbers in the fourth column in Table 3 are given for masses of a neutral Higgs in the
range 100–300 GeV (assuming that the masses of the other neutral Higgs particles in these
models are much heavier) for
aht = b
h
t = c
h = 1 , (4.67)
and they hold for any MHDM, i.e., a 2HDM of type I and II with NFC, a 2HDM of type
III with FCNC in the neutral Higgs sector or for three or more Higgs doublets which have
the generic htt interaction Lagrangian in Eqs. 4.65 and 4.66.
2. TDM from charged Higgs exchanges:
In models with three or more doublets the charged Higgs sector can acquire new CP-
odd phases which can give rise to the CP-violating TDM. Again, one can parameterize
a generic (assumed lightest) charged Higgs-up quark-down quark CP-violating interaction
Lagrangian, which will appear in such models, as
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LH+ud =
gW√
2mW
Kud (muβ2u¯RdL +mdα2u¯LdR) + h.c. , (4.68)
where K is the SM CKM matrix and u and d denote charge +2/3 and −1/3 quarks,
respectively. The CP-violating TDM will then be proportional to ℑm(V ) ≡ ℑm(β2α∗2).
As mentioned before, the interaction Lagrangian in Eq 4.68 is not the only source of CP
violation in this class of models and one also has to take into account the CP-violating
neutral Higgs contributions arising from the hff coupling in Eq. 4.65. In fact, for the
TDM we find that the CP-odd effect from a H+tb coupling in Eq. 4.68 is much smaller,
i.e., typically by a factor of ∼ (mb/mt)2, than the one from the htt coupling in Eq. 4.65.
The numbers in the fifth column in Table 3 are given for masses of the charged Higgs in the
range 200–500 GeV (again assuming that the masses of the other charged Higgs particles
of these models are much heavier and therefore their contribution is negligible) and for
ℑm(V ) = 5 , (4.69)
and they represent only the charged Higgs contribution to the TDM in any MHDM with
three or more doublets, which have the generic H+tb interaction vertex in Eqs. 4.68.
• MSSM:
In the MSSM, as was shown in the previous section, if one neglects the phase in the Higgs
mass parameter µ (as strongly implied from the existing limit on the NEDM) and the
small mass splitting between the left and right superpartners of the light quarks, then the
dominant contribution to the TDM arises from 1-loop gluino exchange. In that case the
TDM emanates from t˜L − t˜R mixing and is proportional to the CP-violating quantity
ξtCP ≡ sin(2θt) sin(βt) , (4.70)
where the angle βt represents the CP-phase in the soft trilinear breaking term associated
with the top, i.e. At.
The numbers in the sixth column in Table 3 are given for gluino masses in the range 200–500
GeV, for
ξtCP = 1 , (4.71)
and for
mt˜1 = 50 GeV , (4.72)
mt˜2 = 400 GeV , (4.73)
where mt˜1,2 are the masses of the two stop mass-eigenstates. They therefore represent only
the dominant gluino contribution to the TDM in any low energy supersymmetric framework
in which all squarks except from the stop are degenerate and the phase in the Higgs mass
parameter, µ, is neglected.
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Table 3: The contribution to the top quark EDM (dγt (s)) and ZEDM (d
Z
t (s)) form factors, in
units of e-cm, at s = (pt + pt¯)
2 = 5002, 10002 GeV2, for the SM (where it is a purely guess-
estimate) and for some of its extensions. 4th column shows results for neutral Higgs exchanges
in any MHDM’s with a CP-violating htt coupling of the form (gW /
√
2)(mt/mW )(a
h
t + ib
h
t γ5),
an hZZ coupling gW (m
2
Z/m
2
W )c
hgµν and with a
h
t = b
h
t = c
h = 1. 5th column is for charged
Higgs exchanges in any MHDM’s of three or more doublets with a CP-violating H+tb coupling
of the form (gW /
√
2mW ) [mtUt(1 + γ5)/2 +mbUb(1− γ5)/2] and with ℑm(UtU∗b ) ≡ ℑm(V ) = 5.
Only the contribution from the lightest neutral or charged Higgs is retained. 6th column shows
the results for the MSSM where only the dominant 1-loop gluino exchange diagram with gluino
masses mg˜ = 200−500 GeV is considered, in which CP violation arises from t˜L− t˜R mixing and is
proportional to ξtCP ≡ sin(2θt) sin(βt), where θt and βt are the angle and phase that parameterize
the t˜L − t˜R mixing matrix. The numbers are given for ξtCP = 1 and for stop masses of 50 GeV
(light stop) and 400 GeV (heavy stop).
type of moment
√
s Standard neutral Higgs charged Higgs Supersymmetry
(e− cm) ⇓ (GeV) ⇓ Model mh = 100 − 300 mH+ = 200− 500 mg˜ = 200− 500
500 (4.1− 2.0) × 10−19 (29.1 − 2.1) × 10−22 (3.3− 0.9) × 10−19
|ℑm(dγt )| < 10−30
1000 (0.9− 0.8) × 10−19 (15.7 − 1.0) × 10−22 (1.2− 0.8) × 10−19
500 (0.3− 0.8) × 10−19 (33.4 − 1.5) × 10−22 (0.3− 0.9) × 10−19
|ℜe(dγt )| < 10−30
1000 (0.7− 0.2) × 10−19 (0.3− 2.7) × 10−22 (1.1− 0.3) × 10−19
500 (1.1− 0.2) × 10−19 (15.8 − 2.5) × 10−22 (1.1− 0.3) × 10−19
|ℑm(dZt )| < 10−30
1000 (0.2− 0.2) × 10−19 (9.2− 1.2) × 10−22 (0.4− 0.3) × 10−19
500 (1.6− 0.2) × 10−19 (22.9 − 0.8) × 10−22 (0.1− 0.3) × 10−19
|ℜe(dZt )| < 10−30
1000 (0.2− 1.4) × 10−19 (0.6− 1.9) × 10−22 (0.4− 0.1) × 10−19
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We observe from Table 3 that the expected magnitudes of the real and imaginary parts of the
top EDM and ZEDM in these models for masses in the loops of, typically, several hundreds GeV
and energy scales of 500 - 1000 GeV are
Neutral Higgs : ℑmdγ,Zt ∼ few × 10−20 − 10−19 e− cm , (4.74)
ℜedγ,Zt ∼< 10−19 e− cm , (4.75)
Charged Higgs : ℑmdγ,Zt ∼ few × 10−22 − 10−21 e− cm , (4.76)
ℜedγ,Zt ∼ few × 10−23 − 10−21 e− cm , (4.77)
Supersymmetry : ℑmdγ,Zt ∼ few × 10−20 − 10−19 e− cm , (4.78)
ℜedγ,Zt ∼< 10−19 e− cm . (4.79)
The top CEDM dgt , given in units of gs-cm, can be estimated within these models as follows: (i)
In the neutral Higgs exchange case it is simply given by multiplying dγt by 1/Qt, where Qt = 2/3
is the top quark charge. (ii) In the charged Higgs case one cannot simply replace the off-shell
photon with an off-shell gluon and dgt has to be explicitly calculated from Eq. 4.34. Nonetheless,
we find that dgt /(gs-cm) ≈ dγt /(e-cm). (iii) In the MSSM case it is also not possible to extract
the top CEDM from the top EDM by the simple exchange of a photon with a gluon since there
is an additional graph with two gluino propagators in the loop coming from a new gg˜g˜ coupling.
We have not estimated this additional contribution here.
To conclude this section, we have shown that in MHDM’s with CP violation in the neutral
or the charged Higgs sector and in the MSSM, the TDM is always bounded to be smaller then
about ∼ 10−18 e-cm. This is rather discouraging since, as we will see in the next few sections, the
attainable limits on the TDM that can be obtained in future e+e− and hadronic colliders seem to
fall short by about one order of magnitude compared to the above model dependent expectations
for these quantities.
Basically, the strategy that we will describe in the following chapters for such investigations
of the various TDM in future colliders is to incorporate an effective Lagrangian approach which
elaborates new effective interactions of a dipole moment type at the ttγ, Z, g vertices, with di-
mensions greater than 4 which can provide for a model independent investigation of new physics
beyond the SM. The effects of such phenomenological vertices can then be studied in future e+e−
and hadron colliders. Of course, a hadron collider is appropriate for the study of the top CEDM
and is not a very good environment for studying the top EDM and ZEDM couplings to a photon
and a Z-boson; the EDM and ZEDM will obviously be masked by the gluon dynamics which will
govern top quarks production in a hadronic collider. Therefore, a more natural place for such
studies will be an e+e− collider. We will discuss later the feasibility of extracting information on
the various TDM’s in both hadron and e+e− colliders through an investigation of CP-odd and
even CP-even observables, e.g., cross-sections. It should be noted that the information that can
be obtained on a CP-odd quantity by studying its effect on a CP-even observable is much less
than what might be learned about the various EDM’s of the top by measuring a non-vanishing
CP-odd observable driven by these CP-odd effective couplings. In particular, folding into a given
amplitude the various CP-violating EDM interaction terms, the corresponding differential cross-
section will acquire a CP-odd piece driven by the interference of the tree-level process with the
EDM’s interactions (to leading order only one EDM effective coupling has to enter in each dia-
gram). Then with an appropriate CP-odd observable, which linearly depends on the EDM of the
top, one can, in principle, analyze directly and separately the possible CP-violating effects that
can arise from each EDM interaction in collider experiments such as e+e− or pp → tt¯. We will
discuss CP-violating effects in these reactions in the following chapters.
90
5 CP violation in top decays
In this chapter we discuss CP violation in various top decays. In particular, we will consider
two-body decays, i.e., t→ dkW , with k = 1, 2, 3, the generation index, three-body decays as well
as radiative decays. The following CP-violating asymmetries will be reviewed (not for all decay
modes) :
• PRA (Partial Rate Asymmetry).
• PIRA (Partially Integrated Rate Asymmetry).
• Energy asymmetry.
• τ polarization asymmetry.
Although the τ polarization asymmetry tends to be the largest effect in models with CP violation
phase(s) in the charged Higgs exchanges, for the sake of generality and completeness, we will first
discuss the other effects. Asymmetries such as top polarization asymmetry, although intimately
related to the top decays, but for which most, if not all discussions in the literature are specific
to the production process, are discussed in Chapters 6, 7 and 8. Models included are:
• SM (Standard Model).
• 2HDM (Two Higgs Doublet Model).
• 3HDM (Three Higgs Doublet Model).
• MSSM (Minimal Supersymmetric Standard Model).
Only PRA’s are considered within the framework of all the models, while only the predictions of
the 3HDM for t→ bτντ are presented for all the above asymmetries.
In addition, for the PRA, the Form Factor (FF) approach to the tbW vertex will be presented.
In this approach, the FF’s can assume complex values, thus emulating physical cuts in higher
order Feynman diagrams, leading to non-vanishing CP-odd, TN -even observables such as PRA.
This can be contrasted [148, 21, 149], with the effective Lagrangian approach, assuming that
all new particles lie above mt, where the coefficients are real. There, only TN -odd CP-violating
asymmetries can emerge [150].
All CP-violating top decay asymmetries, within the SM, that have been studied so far are
found to be too small to be measured. The same conclusion holds for CP-violating top production
asymmetries. This results from severe GIM [23], or even double-GIM cancellations due to the fact
that the masses of d, s, b are too small compared to the top quark mass. The obvious conclusion
is that an observation of CP violation in top quark decays, will serve as a very strong indication
for the existence of new physics beyond the SM.
5.1 Partial rate asymmetries
In most models, the PRA, defined in Eq. 2.27 in section 2.2 is found to be small. This can
be readily understood, in a model-independent way, from the CP-CPT connection discussed in
section 2.3. Let us consider, for example, what seems to be the main decay of the top quark
t → bW+. Due to CPT, to have a non-vanishing PRA, at least one additional decay channel
should be available for the t. In other words, in the limit that t → bW becomes the only decay
channel possible, then PRA has to vanish due to the fact that PRA then tends to become equal
to the asymmetry in the total widths of t and t¯ which is constrained by CPT to vanish. In the
SM, by virtue of Vtb ≃ 1, there is very little competition to t → bW+, and the PRA turns out
indeed to be tiny. Larger asymmetries are obtained for other decay channels, but their rates
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are too small to result in an experimentally interesting signal. In models beyond the SM, the
situation is slightly better since there is a possibility for new particles to be produced in top
decays, leading to the absorptive part necessary for PRA. The largest credibly possible predicted
PRA, is ∼ 0.3% for t→ bW+ in the MSSM with low tanβ which arises mainly since the top can
have an appreciable decay rate into a t˜χ˜0 (i.e. the stop and neutralino final state) in this scenario
(see below). However, once the window which allows SUSY final states in t decays, such as t˜χ˜0
is closed, then the PRA in top quark decays become vanishingly small in this model too, i.e., the
MSSM. In the following, we elaborate on some of the issues mentioned above, and more.
5.1.1 PRA in the SM
t→ dkW+
CP violation via PRA in the process t → dkW+, where k = 1, 2, 3 is the generation index,
was discussed in [148, 151, 152]. The PRA results from interference of the two diagrams in
Fig. 20, i.e. from tree×loop interference, where the loop is the non-diagonal t − uj self-energy.
By “interference” we actually mean “the difference between interferences for the process and its
CP conjugated process”. The loop contributes the necessary imaginary part ℑmΣ(m2i ) through
the cut on diW . One has to sum over i, j, and obviously di 6= dk and uj 6= t. Before continuing
to discuss the above contribution of the absorptive part to the PRA, let us digress to show that,
as stated in [151], the CP-CPT connection [39, 40, 41] forbids the self-energy of the W from
contributing to the PRA. This will be shown within the SM; the proof holds for other models
too, as can be easily generalized.
i
k
(a)
t
W
t
W
W
(b)
dk
d
dk
u
Figure 20: (a) Tree-level diagram for t→ dkW (k = 1, 2, 3 for d, s, b). (b) Example of a 1-loop
diagram for t→ dkW .
Consider the case dk = b (the generalization to k = 1, 2 is trivial). The result of [151] is that the
PRA in t→ bW+ comes from the interference of diagram (a) with diagram (b) in Fig. 20, where
the absorptive part is provided by the sW cut in diagram (b) (the dW cut is negligible here).
Thus we can symbolically write that the result of [151] corresponds to
Γ(t→ bW+)− Γ(t¯→ b¯W−) = ℜe a(bW )× ℑm b(bW ; sW cut) , (5.1)
where a, b denote the contribution of diagrams (a), (b), respectively, and the arguments of their
real, ℜe , and imaginary, ℑm , parts denote the final state, with the additional information about
the relevant cut in ℑm . Note that the CKM as well as numerical factors are suppressed in
Eq. 5.1. Now, the rate difference in Eq. 5.1 can be written as
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Γ(t→ bW+)− Γ(t¯→ b¯W−) = ℜe 1(bukd¯k)× ℑm 3(buk d¯k; sW cut)
+ℜe 1(bℓν¯ℓ)× ℑm 3(bℓν¯ℓ; sW cut) ,
(5.2)
where 1, 3 stand for diagrams (1), (3), respectively, in Fig. 21. Also ukd¯k denote summation
over all quark pair states that the W can decay into, and ℓν¯ℓ means summation over lepton
generations. Other qW cuts give negligible contributions to the PRA for t → bW+. To prove
that the PRA contains no term from the interference of diagram (2) with (3), and of diagram (1)
with (4), we have to show that, after summing over all final states13
ℜe 3× ℑm 2 + ℑm 4× ℜe 1 = 0 . (5.3)
But for a specific final state and cut (say, the bcs¯ final state, with a τ ν¯τ cut) in the ℑm ’s, there
is a compensating contribution (say, the bτ ν¯τ final state, with a cs¯ cut). Thus, summing, for
each final state, over all possible cuts on the W line (rescattering excluded), then summing over
final states, it is easy to show that Eq. 5.3 holds for t→ bW . We are thus left with ℜe a(bW )×
ℑm b(bW ; sW cut), which is, by the way, compensated by ℜe a(sW )× ℑm b(sW ; bW cut).
Let us now recapitulate the calculation of [151], for the CP-violating PRA for t→ bW , defined
as
Ak ≡ Γ(t→ dkW
+)− Γ(t¯→ d¯kW−)
Γ(t→ dkW+) + Γ(t¯→ d¯kW−)
, (5.4)
in the SM, with k = 3. The two interfering amplitudes, Fig. 20(a) and 20(b), have a relative
CP-odd phase and Fig. 20(b) has the required absorptive phase. They are given by
Aak = V
∗
tkAˆk , (5.5)
Abk = −Aˆk
∑
i,j
V ∗tiVjiV
∗
jk
m2t
m2t −m2j
Σ(m2i ) , (5.6)
where
Aˆk = − igW√
2
u¯(pk)γµLu(pt)ǫ
µ . (5.7)
ǫµ is the W -boson polarization vector and L = (1− γ5)/2. The PRA was then found to be
Ak = −2
∑
i,j
ℑm (V ∗tkVtiV ∗jiVjk)
|Vtk|2
m2t
m2t −m2j
ℑm
[
Σ(m2i )
]
. (5.8)
Thus the effect is proportional to the Jarlskog invariant J (recall that J = |ℑm
(
VβjV
∗
βkVγkV
∗
γj
)
|,
for any β, γ, j and k) as expected, being the only CP-violating parameter in the SM (see sec-
tion 3.1.2), and to the absorptive phase in the self-energy diagram of Fig. 20(b). Note that the
asymmetry is doubly-GIM suppressed being summed over both i and j. Therefore, with the
Wolfenstein parameterization for the CKM elements (see Eqs. 3.13 and 3.14 in section 3.1.1),
ℑm (V ∗tkVtiV ∗jiVjk) ∼ λ6, one expects the leading contribution to be of the form [151]:
Γk − Γ¯k ∼ λ6∆m
2
u∆m
2
d
m4W
, (5.9)
13Note that near resonance diagrams (2) and (4) of Fig. 21 become O(g2) and O(g4), respectively.
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where ∆m2u ≡ m2t −m2u and ∆m2d ≡ m2b −m2d. It was found in [151] that
Ak = α
8 sin2 θW
m2bm
2
c
m4W
fW (y) η Ck , (5.10)
independent of the Wolfenstein parameter A. fW originates from the imaginary part of the
self-energy and is given by
fW (y) = −3(1 + y
4)
y6
,
y ≡ mt/mW , (5.11)
and
Cd = −
[
(1− ρ)2 + η2
]−1
, (5.12)
Cs = λ2 , (5.13)
Cb = −λ6m
2
s
m2b
. (5.14)
The largest asymmetry is obtained for dk = d , Ad ≃ 10−9, requiring at least 1023 top quarks!
Even smaller asymmetries are predicted for t→ sW and t→ bW . Thus the discussion of PRA’s
for t → dkW in the SM is of purely an academic value. Let us note, in passing, that in the SM
with four generations (a currently unfashionable approach) Ak may be substantially enhanced
[151].
t→ cV
The branching ratios for the rare flavor changing processes t→ cγ [24, 153, 154, 155], t→ cg
[24, 156] and t→ cZ [24, 157] in the SM are: 4.9 · 10−13, 1.4 · 10−13 and 4.4 · 10−11, respectively.
The CP-violating PRA’s, resulting from the interference of two penguin diagrams, are largest for
the even rarer (by more than an order of magnitude) decays t → uγ [155] and t → ug [156]
where they are ≃ 0.2%. A slightly larger asymmetry is obtained for t→ ug∗ → uu¯u [156].
Three-body t decays
In the above we have discussed interferences of the type ℑmAloop× ℜeAtree , where the loop
is the off-diagonal t − uj self-energy (in contrast, in the MSSM, see below, “loop” stands for
“vertex corrections”), and of the type ℑmApenguin × ℜeA′penguin . The prime indicates that the
imaginary and real parts of the penguins must have a different weak phase. This is possible since
three different quark amplitudes are in the penguin graph. PRA in the SM for the six three-body
top decays of the type
t→ cqq¯ and t→ uqq¯ , q = d, s, b (5.15)
was considered in Ref. [47, 44]. There, PRA from the interference ℑmAtree× ℜeApenguin for each
of the final states in Eq. 5.15 was calculated. This interference is present in top decays due to the
fact that mt > mW +mb , thus endowing the tree diagram with a well-defined CP-even phase
from the W -width [48]. Though the W -width turns a “tree” diagram into a “loop” diagram, we
will keep loosely calling it as a “tree”. The above interference is there in addition to terms of
the type: ℜeAtree × ℑmApenguin, which are analogous to the interference [43] that leads to the
CP violation in b decays, such as b→ suu¯ (see the discussion in section 2.3). These interferences
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arise since for each specific channel t→ q′qq¯, where q′ = c or u, there are two classes of possible
paths:
1. The tree process t→ qW followed by W → q′ q¯.
2. The 1-loop penguin process t→ q′g∗ followed by g∗ → qq¯.
The two Feynman amplitudes, tree and penguin, have different weak and different strong phases.
Consequently, the interference of these two channels, provides the necessary condition mentioned
in section 2.2 for the observability of CP violation. Note that penguin×penguin terms are rela-
tively small, except in the absence of tree terms.
The PRA for the three-body decays t→ q′qq¯ where q′ = c or u and q = d, s, b is [47, 44]:
A = 8gsmWΓW
3πg2Wm
6
tZV
∑
j=b,s
ℑm (V ∗tqVq′qVtjV ∗q′j)
×
∫ (mt−mq)2
(mq′+mq¯)
2
dm2q′ q¯
∫ (m2
q′q
)max
(m2
q′q
)min
dm2q′q
· [ΓˆWmW ℜe (Tj − Td)−K ℑm (Tj − Td)]
(q¯ + q)2(K2 + Γ2Wm
2
W )
, (5.16)
where ZV = |V ∗tqVq′q|2(1 − x)(1 + x− 2x2) with x = m2W/m2t , K = m2q +m2q′ + 2q¯ · q′ −m2W ; Tj
is a lengthy expression for the resulting trace, where j indicates the virtual quark exchange in
the loop (for which we have used CKM unitarity). Furthermore, Γˆ = ΓW − Γ(W → q′q), thus
excluding rescattering , i.e., q′q 6→ q′q [44]. The largest contribution to (Tj − Td) is from j = b,
i.e., (Tb − Td) >> (Ts − Td). As a result, the asymmetry is completely negligible for the most
abundant final state, t→ bcb¯ as ℑm (V ∗tbVq′bVtbV ∗q′b) = 0. If one resurrects j = s for t→ bcb¯ , an
absurdly small PRA, of the order of 10−11 , emerges. Indeed, despite the resonance enhancement,
the asymmetries in all the final states are very small. The largest effect is for t → dcd¯. Even
for this mode the asymmetry is too small to be of any experimental relevance, A ∼ 10−5 for
mt = 180 GeV.
We briefly note [44] that interferences of the type ℜe (tree)×ℑm (2-loops) , where the higher
order loops have both a virtual g and a virtual W , for processes such as t→ deνe, are required
[39, 40, 41] to compensate the partial width differences for the reactions in Eq. 5.15 (see Fig 2
and the discussion in section 2.3). Consequently, from such mechanisms, one gets asymmetries
of the order of 10−7 for t→ dcs¯ , and there is even a tiny asymmetry in the SM for the leptonic
decay t→ de+νe.
5.1.2 PRA in a 2HDM
In a 2HDM, there are 5 physical Higgs particles: 3 neutral, Hk, k = 1, 2, 3 and 2 charged ones,
H±. If one imposes discrete symmetry [79] to avoid FCNC at tree-level, then there is no CP
violation in the charged Higgs sector, (unlike the case in the 3HDM, discussed below) and CP vio-
lation then exists only in the neutral Higgs sector (see section 3.2). This class of 2HDM is further
subdivided into Model I and Model II (see section 3.2.3). However, there is a version of 2HDM,
the so-called Model III (see section 3.2.2), where no discrete symmetry is imposed; the model
then admits tree-level FCNC. In Model III large tree-level FCNC may then be avoided for the
light quarks by assuming [82] that the couplings hqiqj are proportional to (mimj)
1/2. Note that
in the class of 2HDM’s with NFC (i.e., Model I or II), CP violation resides in flavor-diagonal Hk
exchanges; consequently CPT forbids PRA in t→ dkW to arise. In model III PRA in t→ dkW
need not vanish, though it is expected to be very small due to the small Hkdidj ∝ √mdimdj/mW
coupling (i 6= j).
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t→ dkW+
The effect of a charged Higgs with the CKM phase was considered in [151] for t → dkW+.
Assuming mH+ +mi < mt, then, since a charged Higgs exchange is added to the W exchange in
Fig. 20(b), one has to make the following substitution in Eq. 5.10 (where a large 1/ tan β ≡ vd/vu
is assumed)
fW (y) −→ fW (y) + fH(x, y)
tan2 β
. (5.17)
fW (y) is defined in Eq. 5.11 and
fH(x, y) =
(1− x2)2
x4y2
,
x ≡ mt/mH . (5.18)
Taking into account the experimental bounds on tan β, there is no increase in the tiny PRA, Ak,
over what was obtained in the SM. This conclusion also holds for other observables governed by
a charged Higgs exchange unless the CP-violating couplings to fermions are different from the
SM.
5.1.3 PRA in a 3HDM
The 3HDM (Weinberg Model for CP violation [45]), as described in section 3.2.4, can cause CP
violation effects, through its CP-violating couplings of a charged Higgs-boson to fermion pairs.
There are no tree-level FCNC within this model. The physical charged Higgs states are H±1 and
H±2 , where, for simplicity, it is usually assumed that mH1 >> mH2 , thus decoupling H1 from all
predictions. It is also easy to show that any CP violation asymmetry vanishes for mH1 = mH2
through a GIM-like mechanism.
In the 3HDM, the interesting new phenomenon is the existence of a CP-violating coupling γ2
in the leptonic term in the Yukawa part of the Lagrangian (see Eq. 3.88)
LH+2 =
gW√
2mW
(mtβ2t¯RbL +mτγ2ν¯LτR)H
+
2 + h.c. , (5.19)
where Vtb = 1 is assumed. Note the proportionality to the mass of the charged lepton, which
prompted studies of CP violation in the reaction t→ bτ ν¯τ . The reaction t→ bcs¯ is not that useful
in view of the difficulty in identifying c, and especially s jets. In addition, the τ mode will enable,
by following the τ decay products, measurements of spin related CP-violating observables.
It is convenient [110] to parameterize CP violation in the Yukawa couplings with a CKM-like
matrix (the SM CKM matrix itself is assumed to be real), then β2 and γ2 in Eq. 5.19 are given
by (see Eq. 3.89)
β2 =
c˜1c˜2s˜3 − s˜2c˜3eiδH
s˜1c˜2
, (5.20)
γ2 =
c˜1s˜2s˜3 + c˜2c˜3e
iδH
s˜1s˜2
, (5.21)
where s˜i ≡ sin(θ˜i) and c˜i ≡ cos(θ˜i), and θ˜i, δH are parameters of the model.14 CP violation will
be proportional to combinations such as
ℑm (U) = ℑm (β∗2γ2) . (5.22)
14Note a typographical error in β2 in [110].
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t→ bτ+ντ
Let us define the PRA
Aτ = Γ(t→ bτ
+ντ )− Γ(t¯→ b¯τ−ν¯τ )
Γ(t→ bτ+ντ ) + Γ(t¯→ b¯τ−ν¯τ )
. (5.23)
The lowest order contribution to Aτ arises due to the interference of the SM W mediated tree
diagram (see diagram (a) in Fig. 22) with the 3HDM H+ mediated tree diagram (diagram (c) in
Fig. 22). We assess the contribution of the second graph making two simplifying assumptions:
(i) mH+ ≡ mH2 << mH+1 , this allows us to neglect the effect of the heavier charged Higgs, H1.
Furthermore, we also assume that (ii) mH+ > mt, thus the H
+ width becomes irrelevant. Aτ
will then be proportional to ℑm (W − tree) × ℜe (H − tree), where, in analogy to our previous
discussion in section 5.1.1, the CP-violating CKM-like angular function was factored out. It
is easy to see that, because of the chirality miss match, only the longitudinal part of the W -
propagator contributes to Aτ . In other words, decomposing the W -propagator in the unitary
gauge as
DWµν = i
(
−gµν + qµqν
q2
)
GT + i
qµqν
q2
GL , (5.24)
only ℑmGL will appear in Aτ [158, 159]. In fact Aτ , obtained from the interference between
diagrams (a) and (c) in Fig. 22, is proportional to
Aτ ∝ ℑm (U)
∫ (mt−mb)2
m2τ
f(q2)ℑm GˆL , (5.25)
where GˆL indicates that τν is missing from GL to respect CPT invariance and f(q
2) is a phase-
space function.
Now, while the transverse part of the W-propagator in Eq. 5.24 resonates, i.e.,
GT ≃ 1
q2 −m2W + iΓWmW
, (5.26)
for q2 ≃ m2W , there is no such enhancement for GL. This is one of the reasons for an extremely
small asymmetry, 10−8 [159] or smaller [46], from tree×tree interference. The other reasons are
the proportionality of both the Higgs coupling and ℑm GˆL to small fermion masses.15
The next logical step is to capitalize on the resonance behavior of ℑmGT and the fact that,
unlike ℑmGL, it is not proportional to small masses, by considering interferences that are higher
order in the weak interaction coupling constant [42]. Thus, PRA from interferences of the type
ℑm (a)×ℜe (b) and ℜe (c)×ℑm (d), is calculated; (a)-(d) denote the diagrams in Fig. 22, where (b)
and (d) represent all box diagrams. Bremsstrahlung is included, but diagrams yielding Aτ → 0
for GL → 0, see below, were neglected. The asymmetry is then given by
Aτ ≃
[ℑm (U)/512π3m3t ] ∫ dq2duℑm GˆT ℜe (tree× box)
Γ(t→ bW → bτν) , (5.27)
where ℑm (U) is defined in Eq. 5.22 and
15While there is agreement in the literature as to the above facts, there is controversy - into which we do not
enter here (due in part to the fact that it has no observational consequences) - regarding the form of ℑmGL
[46, 158, 159, 160, 161] to be inserted in Eq. 5.25.
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u = (pτ + pb)
2 , q2 = (pν + pτ )
2 , (5.28)
ℑm GˆT = − mW ΓˆW
(q2 −m2W )2 + (ΓWmW )2
, (5.29)
with
ΓˆW = ΓW − ΓW→τν . (5.30)
The maximal value of Aτ turns out to be negative, and of order 10−5. Subsequently, the following
contributions to Aτ , explicitly neglected in [42], were calculated in [159]:
• Since the integration in Eq. 5.25 reaches up to (mt−mb)2, it includes a region with q2 > m2W ,
for which a W − γ loop in GL has to be taken into account.
• Imaginary parts can also appear in box and vertex diagrams corresponding to t→ bW .
Both new terms are non-resonant and do not suffer small mass suppression from fermion loops
in GL. They turn out to give a large correction, of about 50% and of the same sign, as compared
to the value of Aτ calculated in [42] using only GT . The minimal number of t-quarks required to
observe CP violation in PRA within the 3HDM is - although many orders of magnitudes larger
than the best leptonic SM result (i.e., t → dℓν [47]) - of the order of 1010 − 1011 and thus not
very promising. As we will see later, one can do much better in the 3HDM by considering PIRA
rather than PRA.
5.1.4 PRA in the MSSM
An extremely interesting possibility, investigated in [138, 151, 162, 163], is that the CP-violating
PRA in two-body modes (that was found to be extremely small in the SM, 2HDM and in the
3HDM) may receive appreciable contribution from new SUSY CP-odd phases. For example,
consider the PRA A3 in Eq. 5.4 for the main top decay t→ bW ; the Feynman diagrams that can
potentially contribute to A3 in the MSSM are depicted in Fig. 23.
Recall that since A3 is TN -even it requires an absorptive phase in the Feynman amplitude.
This necessitates radiative corrections to the t→ bW to at least 1-loop order and, in particular,
the SUSY particles exchanged in the loops have to be light enough such that absorptive cuts will
arise. Of course, in addition to the strong phase from FSI (Final State Interactions), a CP-odd
phase is needed. We recall that, in the MSSM, with the most general boundary conditions for the
soft breaking parameters at the scale where they are generated and ignoring generation mixing,
only three places remain in the SUSY Lagrangian that can give rise to CP phases that cannot
be rotated away: The superpotential contains a complex coefficient µ in the term bilinear in the
Higgs superfields and the soft-supersymmetry breaking operators introduce two further complex
terms, the gaugino masses m˜ and the left and right-handed squark mixing terms. The latter,
being proportional to the trilinear soft breaking terms (i.e., the Aq terms) and to µ, may be
complex in general (for more details see section 3.3). It is clear then that, in general, there are
many sources of CP-violating phases. Therefore, reliable predictions cannot be made unless we
make some simplifying assumptions.
Let us first describe a convenient way to derive the PRA A3. Following [138], the t → bW+
and t¯→ b¯W− decay vertices can be parameterized as follows
J
µ(t)
k ≡ i
gW√
2
∑
P=L,R
u¯b
(DP1(k)pµt
mt
+DP2(k)γµ
)
Put , (5.31)
J
µ(t¯)
k ≡ i
gW√
2
∑
P=L,R
v¯t
(D¯P1(k)pµt
mt
+ D¯P2(k)γµ
)
Pvb , (5.32)
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where DL,R1(k) and DL,R2(k) defined in Eqs. 5.31 and 5.32, contain the CP-violating phases as well as the
absorptive phases of the decay diagram (k) (k = a, b, c or d corresponding to diagrams (a),(b),(c)
or (d) in Fig. 23). The important contributions to the D’s above are likely to come from those
diagrams in which one of the two on-shell superparticle is the Lightest Supersymmetric Particle
(LSP), e.g., the neutralino in our case. Such is the case for diagrams (b) and (d) in Fig. 23. Also,
with a very light stop (i.e., ∼ 50 GeV) an absorptive cut can arise from diagram (a) in Fig. 23
if the gluino mass is below <∼ 130 GeV. The current experimental bounds on the superparticles
involved in the loop of diagram (c) in Fig. 23 are already stringent enough that they are unlikely
to have absorptive parts for mt ∼ 175 GeV [139].
Let us now write A3 in the most general case with no assumptions on the masses of the SUSY
particles and taking into account all four diagrams in Fig. 23 16. In terms of the scalar (D1(k))
and vector (D2(k)) form factors, the PRA A3 is given by
A3 =
∑
k
[
(x− 1)
2(x+ 2)
ℜe (DR1(k) + D¯L1(k)) + ℜe (DL2(k) − D¯L2(k))
]
, (5.33)
where x ≡ m2t /m2W and the sum is carried out over all decay diagrams in Fig. 23 (i.e., k = a,b, c
and d). It is easy to show that if one defines
DR1(k) ∼ eiδ
1(k)
s × eiδ1(k)w , (5.34)
DL2(k) ∼ eiδ
2(k)
s × eiδ2(k)w , (5.35)
where δ
1(k)
s , δ
2(k)
s are the CP-even absorptive phases (i.e., FSI phases) and δ
1(k)
w , δ
2(k)
w are the
CP-odd phases associated with diagrams (a)–(d) in Fig. 23, then
D¯L1(k) ∼ −eiδ
1(k)
s × e−iδ1(k)w , (5.36)
D¯L2(k) ∼ eiδ
2(k)
s × e−iδ2(k)w . (5.37)
We then get for the scalar form factors in Eq. 5.33
ℜe (DR1(a) + D¯L1(a)) = −
8
3
αs
π
mtmg˜O1aℑmCa12 , (5.38)
ℜe (DR1(b) + D¯L1(b)) = −
α
π sin2 θW
mt
[
mtO1bℑm
(
Cb22 − Cb23
)
+ mχ˜0nO2bℑmCb12
]
, (5.39)
ℜe (DR1(c) + D¯L1(c)) =
α
π sin2 θW
mt
[
mtO1cℑm(Cc23 − Cc22)
−mχ˜mO2cℑm(Cc11 − Cc12)
+mχ˜0nO3cℑm(Cc0 + Cc11)
]
, (5.40)
ℜe (DR1(d) + D¯L1(d)) = ℜe (DR1(c) + D¯L1(c))
(
mχ˜0n → −mχ˜m,mχ˜m → mχ˜0n ,
Oic → Oid,ℑmCcij → ℑmCdij
)
, (5.41)
while the vector form factors in Eq. 5.33 are given by17
16In pages to follow we will evaluate A3 within a plausible set of the low energy SUSY parameter space.
17We note that in [138] there is a misprint in one of the terms proportional to m2W in the form factor ℜe (DL2(c)−
D¯L2(c)). The correct form of this term is given in Eq. 5.44.
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ℜe (DL2(a) − D¯L2(a)) = 0 , (5.42)
ℜe (DL2(b) − D¯L2(b)) = −
α
π sin2 θW
O1bℑmCb24 , (5.43)
ℜe (DL2(c) − D¯L2(c)) =
1
2
α
π sin2 θW
[
O1c
(
m2tℑm(Cc22 − Cc23)
+m2Wℑm(Cc11 + Cc21 − Cc12 − Cc23) + 2ℑmCc24
)
+mtmχ˜mO2cℑm(Cc11 −Cc12)
−mtmχ˜0nO3cℑm(Cc0 + Cc11 − Cc12)
−mχ˜mmχ˜0nO4cℑmCc0
]
, (5.44)
ℜe (DL2(d) − D¯L2(d)) = ℜe (DL2(c) − D¯L2(c))
(
mχ˜0n → −mχ˜m,mχ˜m → mχ˜0n ,
Oic → Oid,ℑmCcij → ℑmCdij
)
. (5.45)
Here ℑmCkx , x ∈ {0, 11, 12, 21, 22, 23, 24} and k = a− d, are the imaginary parts, i.e., absorptive
parts, of the three-point form factors associated with the 1-loop integrals in diagrams (a)-(d) in
Fig. 23. The Ckx are given by [138]:
Cax = Cx(m
2
b˜j
,m2t˜i ,m
2
G,m
2
W ,m
2
t ,m
2
b) , (5.46)
Cbx = Cx(m
2
b˜j
,m2t˜i ,m
2
χ˜0n
,m2W ,m
2
t ,m
2
b) , (5.47)
Ccx = Cx(m
2
χ˜0n
,m2χ˜m,m
2
b˜j
,m2W ,m
2
t ,m
2
b) , (5.48)
Cdx = Cx(m
2
χ˜m ,m
2
χ˜0n
,m2t˜i ,m
2
W ,m
2
t ,m
2
b) , (5.49)
and Cx(m
2
1,m
2
2,m
2
3, p
2
1, p
2
2, p
2
3) is defined in appendix A. The indices i, j = 1, 2 stand for the two
stop, sbottom mass eigenstates, respectively, and m = 1, 2 and n = 1− 4 correspond to the two
charginos and four neutralinos mass eigenstates, respectively; also, mG is the gluino mass.
The Oik’s in Eqs. 5.38-5.45 contain the SUSY CP-odd phases for the decay diagrams and they
were given in [138]. There, also the required Feynman rules for calculating the above PRA were
given. For example, Oid, for i = 1 − 4, containing the SUSY CP-odd phases which appear in
diagram (d)18 are
O1d = −ℑm
(
K−M1
)
, (5.50)
O2d = ℑm
(
K−M2
)
, (5.51)
O3d = ℑm
(
K+M2
)
, (5.52)
O4d = −ℑm
(
K+M1
)
. (5.53)
Here we have defined
K+ ≡ Z2n∗N Z−1m +
1√
2
Z3n∗N Z
−
2m , (5.54)
K− ≡ Z2nN Z+∗1m −
1√
2
Z4nN Z
+∗
2m , (5.55)
18As will be shown below, in our case this diagram will give rise to the leading contribution to A3.
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M1 ≡ 1√
2
mt
MW sin β
(
Z+2mL
+∗ξi∗t −
√
2Z+1mZ
4n∗
N ξ
i
t
)
+
1√
2
((
mt
MW sinβ
)2
|Z2it |2Z+2mZ4n∗N −
√
2|Z1it |2Z+1mL+∗
)
,
(5.56)
M2 ≡ 1√
2
mt
MW sin β
(
4
3
tan θW |Z2it |2Z+2mZ1nN +
√
2|Z1it |2Z+1mZ4nN
)
−
(
1√
2
(
mt
MW sin β
)2
Z+2mZ
4n
N ξ
i∗
t +
4
3
tan θWZ
+
1mZ
1n
N ξ
i
t
)
,
(5.57)
and
ξit ≡ Z1i∗t Z2it , (5.58)
L± ≡ 1
3
tan θWZ
1n
N ± Z2nN . (5.59)
In Eqs. 5.54-5.59, Zt, ZN and Z
−, Z+ are the mixing matrices of the stops, neutralinos and
charginos, respectively (i.e., with indices i, n and m), which are defined in section 3.3.2.
Obviously, to obtain an estimate of the numerical value of the asymmetry, one needs to know
the definite form for the mixing matrices and various other parameters. Not knowing these makes
it very difficult to give a reliable quantitative prediction for the asymmetry. Therefore, one has
to choose a reference set of the SUSY spectrum subject to theoretically motivated assumptions
as well as experimental data. Such a reference set which constructs a plausible low energy MSSM
framework was described in [138] (and is also described in section 3.3.4). The key assumptions
made there are:
• There is an underlying grand unification which leads to the relation in Eq. 3.137 between
U(1) and SU(2) gaugino masses and the gluino mass.
• All squarks except the lighter stop (with a mass denoted hereafter by ml) are degenerate
with a mass MS ; in the analysis below we set MS = 400 GeV .
• The gluino mass is varied subject to mG > 250 GeV [139].
• The parameters are chosen subject to the upper limit on the NEDM, dn < 1.1 × 10−25
e-cm [3]. In particular, the Higgs parameter µ is chosen to be real as strongly implied from
this upper bound on the NEDM when the squark masses are below ∼ 1 TeV.
With the above criteria one is left with only one CP-odd phase arising from t˜L− t˜R mixing. That
is, when µ is real all the elements in Oik above except from ξit, defined in Eq. 5.58, are real. Recall
that the stop squarks of different handedness are related to their mass eigenstates t˜+, t˜− through
the following transformations (see section 3.3.2)
t˜L = cos θtt˜− − e−iβt sin θtt˜+ ,
t˜R = e
iβt sin θtt˜− + cos θtt˜+ . (5.60)
The asymmetry is thus proportional to the quantity (see also Eqs. 3.126 and 4.43)
ξtCP ≡ 2|ξit | = sin(2θt) sin(βt) , (5.61)
where ξit is defined in Eq. 5.58.
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Although the CP-odd phases in the squarks sector generate the NEDM, the resulting restric-
tions on the CP-phases in the t˜L − t˜R mixing are rather weak. As we have demonstrated in
section 3.3.4, the main contribution to the NEDM (when µ is real) comes from the mixing of the
superpartners of the lighter squarks. Therefore, if the trilinear soft breaking terms Au, Ad and At
are not correlated at the EW-scale, as is the case in our low energy MSSM framework described
in section 3.3.4, then it is not unreasonable to study the effects of maximal CP violation in the
stop sector, i.e., ξtCP = 1 without contradicting the current limit on the NEDM.
With no further assumptions, the reference parameter set consists ofMS ,ml,mG, µ, tan β and
ξtCP . The neutralinos and charginos masses are extracted by diagonalizing the corresponding mass
matrices which are functions of µ,mG and tan β (see section 3.3.2). Note that the consequences
of such a low energy MSSM scenarios on the various diagrams in Fig. 23 that can potentially
contribute to the PRA, A3, are:
• For mG >∼ 250 GeV diagram (a) does not have the needed absorptive cut and thus does not
contribute to the PRA.
• Diagram (c) does not have a CP-violating phase when arg(µ) = 0.
This simplifies our discussion to a great extent and we are therefore left with only two diagrams
that can contribute to A3. These are diagrams (b) and (d), where in fact we find that, by far,
the leading contribution comes from diagram (d). In particular, we have calculated the PRA
effect, A3, arising from diagrams (b) and (d), for arg(µ) = 0, mq˜ = MS = 400 GeV and subject
to ml > 50 GeV, mG > 250 GeV, the LSP (in our case the neutralino) mass to be above 20 GeV
and the mass of the lighter chargino to be above 65 GeV.
In Figs. 24 and 25 we plot A3 for two values of tan β which correspond to a low (tan β = 1.5)
and high (tan β = 35) tan β scenarios, where the SUSY mass parameters are varied subject
to all the above constraints and maximal CP violation is taken in the sense that ξtCP = 1,
thus presenting A3 in units of sin 2θt sin βt. In particular, in Figs. 24(a) and 24(b) we plot the
asymmetry as a function of µ for several values of mG and for tan β = 1.5 and tan β = 35,
respectively. In Figs. 25(a) and 25(b) the asymmetry is plotted as a function of the gluino mass
mG for several values of µ and for tan β = 1.5 and tan β = 35, respectively. In both figures we set
MS = 400 GeV and ml = 50 GeV. Evidently, from Figs. 24 and 25 we see that a PRA in t→ bW
is very small over the whole range of our SUSY parameter space. In particular, we always find
|A3| < 0.3% . (5.62)
Of course the asymmetry further drops as the mass of the lighter stop, ml, is increased and van-
ishes when ml >∼ 130 GeV since in that case there is no absorptive cut in the relevant contributing
diagrams. Also, we find that the PRA is almost insensitive to tan β in the range tan β >∼ 10 and
that A3 ∼ 0.3% become possible only for tan β ∼ O(1).
The asymmetry we find is therefore somewhat small compared to the estimates of Grzadkowski
and Keung (GK) [151] and of Christova and Fabbrichesi (CF) [162]. In the GK limit only
the gluino exchange of diagram (a) was considered. They utilized the CP-violating, quark-
squark-gluino interaction, occurring with coupling strength gs (the QCD coupling) and the Wt˜b˜
interaction
Lq˜qλ = i
√
2gs[t˜
∗
LT
a(λ¯atL) + t˜
∗
RT
a(λ¯atR)] + (t↔ b)
− igW√
2
Vtbb˜
+
L
↔
∂ µ t˜LW
−µ + h.c. . (5.63)
As in our case, the most important source of CP violation is then the phase in the t˜L− t˜R mixing
and, therefore, their effect is also proportional to ξtCP defined above. However, the GK limit is
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applicable only if mt > mG+mt˜, so that an absorptive cut can occur in diagram (a). In the best
case, GK found a ∼ 1% asymmetry for mG = mb˜ = 100 GeV.
On the other hand, in the CF limit, numerical results were given only for the neutralino
exchange diagram (i.e., diagram (b)) wherein the CP-odd phase was chosen to be proportional
to arg(µ) and maximal CP violation with regard to arg(µ) was taken. This can be parameterized
by introducing a single CP-violating phase [162]:
f bnN
∗
n4 ≃
1
2
sin δCP (5.64)
where f bk and Nk4 appear in the q˜qχ˜
0
n Lagrangian
Lq˜qχ˜0 =
1
2
gW
∑
n,f
q¯f
[
f fn (1 + γ5)−
√
2mf
2mWBf
N∗n,5−f (1− γ5)
]
χ˜0nq˜fL
+
1
2
gW
∑
n,f
q¯f
[
gfn(1− γ5)−
√
2mf
2mWBf
N∗n,5−f (1 + γ5)
]
χ˜0nq˜fR
+h.c. , (5.65)
and are defined, together with gfn and Bf , in [162]. For maximal CP violation, i.e., sin δCP = 1,
and with mq˜ = mχ˜+ = 100 GeV and mχ˜0 = 18 GeV, CF find A3 ≃ 2%. So an asymmetry in the
main two-body mode, t→ bW , of a few percent can occur in their limit.
However, these relatively large PRA’s, reported by GK and CF in [151, 162] suffer from the
following drawbacks:
• For the GK limit, mG+mt˜ < mt is now essentially disallowed by the current experimental
bounds.
• For the CF limit, arg(µ) >∼ 10−2 is an unnatural choice in view of the stringent constraints
on this phase coming from the experimental limits on the NEDM as discussed in section
3.3.4.
• For both the GK and CF limits, the large asymmetry arises once the masses of the super-
partners of the light quarks are set to 100 GeV. Again, this is a rather unnatural choice as
it is theoretically very hard, if at all possible, to meet the NEDM experimental limits when
the masses of the squarks (except for the lighter stop) are of the order of 100 GeV. Besides,
the current experimental limits disfavor down squarks lighter than about 200 GeV.
We also remark that PRA in t→ bW within the more constrained N=1 SUGRA model was
investigated in [164], where similar numerical results (i.e. A3 < 0.3%) for A3 were obtained.
To conclude this section, although PRA’s in the range of ∼ 10−3−10−2 in the main two-body
decays of t, t¯ are appreciable, their measurements is likely to be very hard. Presumably an e+e−
collider (NLC) could be suitable due to its cleanliness. However, there may be about 10,000
to 50,000 tt¯ events a year. Therefore, bearing experimental efficiency factors, under the best of
circumstances only an asymmetry of the order a few percent could be measured in the NLC. The
LHC, being able to produce 107−108 tt¯ pairs, might seem more appropriate for a measurement of
such a small PRA. However, for a measurement of a ∼ 0.3% asymmetry, experimental systematics
can pose serious limitations.
5.1.5 PRA within the form factor approach
t→ bW
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The basic idea in the form factor approach is to write a model independent coupling, then
investigate the dependence of various asymmetries on the form factors involved [148, 21, 149,
165, 166, 167]. Thus one can write the amplitude for t→ bW+ as the sum
MtbW ≡M0tbW +M1tbW , (5.66)
where M0tbW is the amplitude at the lowest order in the SM which is given by
M0tbW = −
gW√
2
Vtbǫ
∗
µ(pW+)u¯t(pb)γ
µLut(pt) . (5.67)
In this equation ǫµ(pW+) is the polarization vector of W
+ with four momentum pW+ and pb, pt
are the four momenta of b, t, respectively. M1tbW contains the new CP-violating interactions and
can be written in general (for on-shell W+ and in the limit me = 0) as follows
M1tbW = −
gW√
2
Vtbǫ
∗
µ(pW+)u¯b(pb)
 ∑
P=L,R
(
fP1 γ
µP + i
fP2
mW
σµν p
ν
W+P
)ut(pt) , (5.68)
where P = L or R, L(R) = (1−(+)γ5)/2 and the form factors fP1 and fP2 are complex in general;
they can both have an absorptive phase and a CP-violating phase. Note also that, in the SM,
fL1 = 1; f
R
1 = f
L
2 = f
R
2 = 0, at tree level.
Similarly, the non-standard part of the amplitude for t¯→ b¯W− is defined as
M¯1tbW = −
gW√
2
V ∗tbǫµ(pW−)v¯t(pt¯)
 ∑
P=L,R
(
f¯P1 γ
µP + i
f¯P2
mW
σµν p
ν
W−P
) vb(pb¯) . (5.69)
In general the form factors fPi and f¯
P
i can be further simplified to the form
fPi ≡ fPi,CPC × fPi,CPV , (5.70)
f¯Pi ≡ f¯Pi,CPC × f¯Pi,CPV , (5.71)
where the indices CPC and CPV stand for the CP-conserving and CP-violating parts in the
above form factors. In particular, fPi,CPC , f¯
P
i,CPC can be complex due to an absorptive phase (FSI
phase), and fPi,CPV , f¯
P
i,CPV are complex in the presence of a non-zero CP-violating phase.
In terms of the CP-conserving and CP-violating parts of these form factors in Eqs. 5.70 and
5.71, it is useful to note that the following relations exist (between the form factors associated
with t→ bW+ and those related to t¯→ b¯W−)
fL1,CPC = f¯
L
1,CPC and f
R
1,CPC = f¯
R
1,CPC , (5.72)
fL1,CPV =
(
f¯L1,CPV
)∗
and fR1,CPV =
(
f¯R1,CPV
)∗
, (5.73)
fL2,CPC = f¯
R
2,CPC and f
R
2,CPC = f¯
L
2,CPC , (5.74)
fL2,CPV =
(
f¯R2,CPV
)∗
and fR2,CPV =
(
f¯L2,CPV
)∗
. (5.75)
Using the relations above it is then easy to show that any CP-violating observable must always
be proportional to any one of the combinations: (fL1 − f¯L1 ), (fR1 − f¯R1 ), (fL2 − f¯R2 ) or (fR2 − f¯L2 ).
In particular, a CP-odd, TN -even quantity (like the PRA) will be proportional to the real parts
of these combinations, e.g., ℜe(fL2 − f¯R2 ), but a CP-odd, TN -odd quantity will be proportional to
their imaginary parts, e.g., ℑm(fL2 − f¯R2 ).
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Assuming these form factors to be purely CP-violating, i.e., ℜe(fPi,CPV ) = 0 and ℜe(f¯Pi,CPV ) =
0, the PRA defined in Eq. 5.4 for t→ bW can be expressed as
A3 =
2∑
i=1
∑
P=L,R
aPi ℜe (fPi ) . (5.76)
In this context it was found that19 [148] aL1 ≃ 0.7, aR1 ≃ −0.04, aL2 ≃ 0.04 and aR2 ≃ −0.7 . We
thus see that the PRA is more sensitive to fL1 and f
R
2 than to f
R
1 and f
L
2 .
19Note the slight difference between our definition of the form factors fPi , f¯
P
i and the definition presented in
[148].
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Figure 21: The four diagrams considered in the proof that the W self-energy diagram does not
contribute to CP violation for t → dkW , within the SM. Dashed lines indicate cuts. Similar
considerations hold for other models.
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Figure 22: Tree-level diagrams and a representative set of box diagrams considered for PRA in
t→ bτν, within the 3HDM.
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Figure 23: The SUSY induced 1-loop Feynman diagrams that contribute to CP violation in the
main top decay t → bW . χ˜ is the chargino, χ˜0 is the neutralino, g˜ is the gluino and t˜, b˜ are the
stop and sbottom particles, respectively.
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Figure 24: The SUSY induced PRA A3 in the main top decay t → bW , as a function of µ, for
several values of mG and for (a) tan β = 1.5 and (b) tan β = 35. MS = 400 GeV, ml = 50 GeV
is used. Figure taken from [138].
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Figure 25: The SUSY induced PRA A3 in the main top decay t→ bW , as a function of mG, for
several values of µ and for (a) tan β = 1.5 and (b) tan β = 35. MS = 400 GeV, ml = 50 GeV is
used. Figure taken from [138].
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mH+ s˜1 s˜2 s˜3 A+ (A2+B+)−1
200 0.252 8.29 ×10−3 0.707 2.9 ×10−3 3.0 ×106
300 0.210 9.99 ×10−3 0.707 1.5 ×10−3 1.2 ×107
Table 4: Results for the PIRA A+, see Eq. 5.78, and (A2+B+)−1, in t → bτντ within the
Weinberg model for CP violation. s˜i ≡ sin(θ˜i), where θ˜i , δH = π/2, are CKM-like angles chosen
to maximize the charged Higgs coupling ℑm (U) (see Eq. 5.22). Note (A2+B+)−1 is the number
of tt¯ pairs required to observe the asymmetry to 1 − σ. B+ ≃ 0.04 is the appropriate branching
fraction. Table taken from [42], updated to mt = 180 GeV.
5.2 Partially integrated rate asymmetries
In the rest of the chapter we will discuss CP asymmetries for the t → bτντ decay within the
3HDM, starting with PIRA. This asymmetry is defined as follows
APIRA ≡ ΓPI(t→ bτ
+ντ )− ΓPI(t¯→ b¯τ−ν¯τ )
ΓPI(t→ bτ+ντ ) + ΓPI(t¯→ b¯τ−ν¯τ )
, (5.77)
where ΓPI stands for the partially integrated width, i.e., the width obtained by integrating over
only a part of phase-space, rather than over the full kinematic range available to u and q2,
defined in Eq. 5.28. It is easy to see that, unlike the PRA, the PIRA is non-vanishing even
for mf → 0 (f 6= τ). The reason is that in the calculation of the PRA, when the integration
over the full range of u is performed, pµτ from the τντ loop sandwiched between the W and the
H+, necessarily gets replaced by qµ. But then, the contribution of the transverse part of the
W -propagator (i.e., GT ) vanishes since q
µρµνT = 0 (ρ
µν
T ≡ −gµν + qµqν/q2). On the other hand,
when we calculate the PIRA, then the relevant integration is over only a part of the full kinematic
range of u which allows GT to contribute even to the W
+-tree×H+-tree interference.
Let us consider the integration over u for a fixed q2 in the rest frame of the W -boson, i.e.,
~q = 0. The integration over u is now equivalent to that over the angle θ between (−~pτ ) and
~pb. Define the PIRA over positive values of cos θ to be A+. Then, explicit calculation of the
W+-tree ×H+-tree interference (i.e., diagrams (a) and (c) in Fig. 22) yields [42]:
A+ =
√
2
4π
GFm
2
τrWH ℑm (U)
(2 + rWt)(1 − rWH)B(W → τντ ) , (5.78)
where ℑm (U) is defined in Eq. 5.22, rWt = m2W /m2t and rWH = m2W/m2H . For 200 <∼mH <∼ 300
GeV, A+ ∼ a few ×10−3 (see Table 4) so it is enhanced by two orders of magnitude over the
PRA, Aτ , in Eq. 5.23. Even larger asymmetries are likely for mH < mt.
A related PIRA was investigated in [168]. There, a PRA for t→ bτντ was defined, specifically
for gg → t¯t in a hadron collider. The imposition of experimental cuts (for details see [168]), turns
the asymmetry into PIRA. Looking for the maximal CP-violating effect by choosing the most
favorable values for the three CKM-like angles and δH = π/2, subject to experimental constraints,
asymmetries of the order of a few×10−4 were obtained from tree×tree interference with a resonant
W .
5.3 Energy asymmetry
Another explicit example of how an interesting CP-violating asymmetry can be sizable even when
the PRA is vanishingly small is the energy asymmetry. Specifically, let us define [42]:
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AE = 〈Eτ+〉 − 〈Eτ−〉〈Eτ+〉+ 〈Eτ−〉
(5.79)
where 〈Eτ+〉 is the average of the τ+ energy in t → bτ+ν, etc. In the calculation of 〈Eτ+〉 the
integrand is of course equal to that for the PRA with just an additional factor of Eτ+ . Now GT
does contribute even when the integration is over the full range of u. Explicitly one finds
AE =
√
2
12π
GFm
2
τrWH(1− rWt)ℑm(U)
(1 + 3r2Wt + 2rWt)(1− rWH)[B(W → τντ )]
. (5.80)
The energy asymmetry is closely related to the PIRA and in fact numerically [42]:
AE ∼ A+/3 . (5.81)
Indeed, both are weighted CP-odd observables constructed from the outgoing momenta. Observ-
ables constructed in this way have the drawback that they are proportional to mτ . This factor
of mτ is in addition to a factor of mτ in the Yukawa coupling. The latter cannot be dispensed
with, as long as we are dealing with t → bτν. However, the additional power of mτ entering
these asymmetries can be overcome by examining the transverse polarization of the τ as we will
discuss next.
5.4 τ-polarization asymmetry
The advantage of using a polarization asymmetry over an energy or a rate asymmetry is that the
latter asymmetries go as m2τ/m
2
H , where one power of mτ comes from the Yukawa coupling at
the Hτντ vertex. The second power of mτ comes from the trace over the lepton loop in W
+-H+
interference, i.e.,
Tr[γµ(6pτ +mτ )(1 − γ5) 6pν ] = 4mτpµν . (5.82)
The only way to avoid this power of mτ is to avoid summing over the spin (sτ ) of τ in the
preceding trace. Then the trace will take the form
Tr[γµ(6pτ +mτ )(1 + γ5 6sτ )(1− γ5) 6pν ] mτ→0−→ 4iǫ(µ, sτ , pτ , pν) . . . (5.83)
Thus the W+-tree×H+-tree interference will make a contribution to the transverse polarization
of the τ , i.e., to ~sτ · (~pτ ×~pν) without suffering a suppression by an additional power of mτ (i.e. in
addition to the Yukawa coupling) so this asymmetry will be enhanced over the PIRA and energy
asymmetries by a factor of about mt/mτ ∼ 100!
We will consider the following CP asymmetries that involve the τ polarization [114]:
Ay ≡ τ
+(↑) − τ+(↓) + τ−(↑)− τ−(↓)
τ+(↑) + τ+(↓) + τ−(↑) + τ−(↓) , (5.84)
Az ≡ τ
+(↑) − τ+(↓)− τ−(↑) + τ−(↓)
τ+(↑) + τ+(↓) + τ−(↑) + τ−(↓) , (5.85)
where for Ay (Az) the arrows indicate the spin up or down in the direction y(z). The reference
frame is defined to be the τ rest frame, such that the t momentum is in the −x direction (i.e.
the x axis is the boost axis from the top to the τ frame), the y axis is defined to be in the decay
plane with a positive y component for the b momentum. The z axis is defined by the right-hand
rule. Also, Ay (Az) is CP-odd, TN -even (CP-odd, TN -odd), and is therefore proportional to the
absorptive (dispersive) part of the bubble in the W -propagator. When integrated over the entire
phase-space, Ay and Az give
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Ay = − 9
64
g2W ℑm (U)
√
xτxW
(1 + 2xW )(xH − xW ) , (5.86)
Az = 9
64π
g2W ℑm (U)
√
xl
(1− xW )2(1 + 2xW )xH f(xW , yW , xH) . (5.87)
Recall that ℑm(U) is given by Eqs. 5.20, 5.21 and 5.22, xj ≡ m2j/m2t and yW ≡ Γ2W /m2t . Also,
f is defined as the integral
f(xW , yW , xH) ≡
∫ 1
0
(λ− xW )xH(1− λ)
√
λ
[(λ− xW )2 + xW yW ](xH − λ)dλ , (5.88)
and λ ≡ (pe + pν)2/m2t .
A fully integrated polarization asymmetry as in Eq. 5.87, but weighting events differently for
different ranges of the τντ invariant mass, was also given in [114]:
A′z =
9
64π
g2W ℑm (U)
√
xl
(1− xW )2(1 + 2xW )xH f
′(xW , yW , xH) , (5.89)
where f ′ is the integral of Eq. 5.88 except that λ− xW is replaced by |λ− xW |.
The results for the above asymmetries, where experimental constraints were imposed on the
relevant 3DHM parameters (for details see [114]), are a few percents forAy andAz, and a few tens
of percents for A′z. As expected, the τ -polarization asymmetries are much larger and, therefore,
perhaps better suited to look for CP violation within the 3HDM, than any other asymmetry.
5.5 CP violation in top decays - summary
As discussed in Chapter 2, CP violation can manifest in decays of particles. Such CP-violating
signals may be driven by new physics containing new heavy, particles. Thus, the large mass of the
top may cause enhancments of CP violation in top decays as compared to the situation in light
quarks decays. CP-odd signals in top decays, therefore, are attractive venues for such studies.
In this chapter we have discussed several types of CP-violating asymmetries in two and three-
body top decays. In particular, PRA, PIRA, energy asymmetry in the top decay products and
τ -polarization asymmetries in the three-body decay t → bτν. In the SM, the CP violation in
the top decays is found to be vanishingly small. This fact makes CP violation in top decays
an extremly useful place for searching for new physics. We have, of course, also considered CP
violation in top decays in extensions of the SM such as MHDM’s and SUSY.
We found that a sizable CP-violating PRA can arise in the main top decay, t→ bW , in SUSY
models. In particular, a stop-neutralino-chagrino loop in the tbW vertex can give rise to a PRA
of the order of 0.1% if the SUSY parameter space turns out to be favorable. Such a PRA is, in
principle, within the reach of the LHC provided that detector systematics can be kept sufficiently
under control.
A much bigger CP-violating signal is expected in the three-body decay, t→ bτν, in a MHDM’s
with new CP-odd phases in the charged Higgs sector, e.g., a 3HDM. Indeed such CP violation may
arise already at tree-level and is best observed through a CP-violating transverse τ -polarization
asymmetry. In a favorable scenario this asymmetry may be as large as a few tens of percents,
requiring ∼ 1000 top quarks for its detection. This is a particularly gratifying result since over
104 top quark pairs are expected to be produced in the future colliders. The decay t → bτν is
therefore a very promising place to look for new signals of CP violation in top decays.
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6 CP violation in e+e− collider experiments
The energy of circular e+e− machines cannot be increased beyond the energy of LEP-II, due to
heavy losses to the synchrotron radiation. Therefore, the next step in e+e− physics will involve
linear colliders only, the “existence proof” of which has been demonstrated at the 100 GeV scale
by SLC. For recent reviews on linear colliders see [169]. The luminosity of future e+e− colliders is
projected to be L ≈ 1034 cm−2sec−1, corresponding to a yearly integrated luminosity of L ≈ 100
fb−1. The working assumption usually is to take it as tens of fb−1 at the lower end of the scale of
c.m. energies, and as hundreds of fb−1 at its upper scale, corresponding to higher c.m. energies,
to compensate for the decreasing cross-sections. In the first stage, the c.m. energy will cover
the range approximately between LEP-II and 500 GeV, eventually reaching perhaps 1.6 TeV and
hopefully even 2 TeV. Furthermore, beam polarization - which can help in clarifying many of the
physics issues - is an interesting option. In this context recall that the SLC achieved polarization
as high as 70− 80%.
6.1 e+e− → tt¯
In an high energy e+e− collider running with c.m. energies of 500–2000 GeV and an integrated
luminosity of L ∼ O(100) fb−1, 104 − 105 pairs of tt¯ will be produced mainly through the simple
reaction e+e− → γ, Z → tt¯. This facility, especially due to its relatively clean environment, may
therefore be thought of as a very efficient “top factory”and it is expected that many of the rare
phenomena associated with top quark systems will be intensely studied there. Here we will focus
on CP violation in the overall reaction
e+e− →
→
t
bW+
+ t¯
→b¯W−
. (6.1)
Decays of the W also need to be included; the leptonic channels (W → ℓνℓ, ℓ = e, µ) are perhaps
the cleanest although experimental simulations suggest that W ’s could be detected through jet
topologies as well [170]. In what follows we will not entertain the theoretical possibility that
there is additional CP violation in W+,W− decays and will focus only on effects directly related
to the top quark.
In general, in the limit me = 0, the γ(or Z)tt¯ vertex can be modified to include the top
magnetic and electric(or weak) dipole moments
− i[γµ(AVt +BVt γ5) + σµνqν(icVt + dVt γ5)] , (6.2)
where cVt and d
V
t , for V = γ or Z, are the magnetic and electric dipole moment form factors of
the top quark at q2 = s, assuming that they are deduced by the use of the reaction in Eq. 6.1.
The tree-level SM values for these parameters are
Aγt =
2
3
e ,
Bγt = 0 ,
AZt =
e
sin θW cos θW
(
1
4
− 2
3
sin2 θW
)
, (6.3)
BZt = −
e
4 sin θW cos θW
,
cVt = d
V
t = 0 .
Note also that, in the SM, the V e+e− couplings in the notation of Eq. 6.2 are
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Aγe = −e ,
Bγe = 0 ,
AZe =
e
sin θW cos θW
(
−1
4
+ sin2 θW
)
, (6.4)
BZe =
e
4 sin θW cos θW
.
The magnetic form factor, which is CP-conserving, has a significant SM contribution at 1-loop due
to QCD corrections and therefore is of lesser interest. Since in e+e− → tt¯ we have q2 = s > 4m2t ,
these form factors are in general complex. In particular, with regard to the EDM form factors:
ℜedγ,Zt (q2) is TN -odd, and ℑmdγ,Zt (q2) is TN -even and, of course, all of these four quantities are
CP-odd.
Similar to the production vertex, the tbW+ and t¯b¯W− decay amplitudes may have CP-
violating pieces. In order to take into account this possibility, for on-shell W+ and in the limit
me = 0, the decay amplitudes for t → bW+ may be decomposed with the most general form
factors as (see also section 5.1.5)
MtbW = −gW√
2
Vtbǫ
∗
µ(pW+)u¯b(pb)
γµL+ ∑
P=L,R
(
fP1 γ
µP + i
fP2
mW
σµν p
ν
W+P
)ut(pt) , (6.5)
where ǫ∗µ(pW+) is the polarization vector of W+ with four momentum pW+ and pt, pb are the four
momenta of the t, b respectively. P = L or R where L(R) = (1 − (+)γ5)/2 and the form factors
fP1 and f
P
2 are complex in general.
Similarly the amplitude for t¯→ b¯W− is defined as
M¯tbW = −gW√
2
V ∗tbǫµ(pW−)v¯t(pt¯)
γµL+ ∑
P=L,R
(
f¯P1 γ
µP + i
f¯P2
mW
σµν p
ν
W−P
) vb(pb¯) . (6.6)
Furthermore, some useful relations exist (see Eqs. 5.70–5.75) between pairs of (fPi , f¯
P
i ) in terms
of their CP-conserving and CP-violating parts. In particular, CP-violating observables associated
with top decays must always be proportional to any one of the combinations: (fL1 −f¯L1 ), (fR1 −f¯R1 ),
(fL2 −f¯R2 ) or (fR2 −f¯L2 ), such that a CP-odd, TN -even quantity will be proportional to the real parts
of these combinations, but a CP-odd, TN -odd quantity will be proportional to their imaginary
parts (for details see section 5.1.5).
CP violation effects in e+e− → tt¯ → bW+b¯W− may thus enter in both the production and
the decay vertices of the top and the anti-top20. To leading order in the CP-violating form factors
present in the production or the decay of the top, one has to include interferences of diagrams
(b)–(d) with the SM diagram (a) in Fig. 26.
In principle, in order to experimentally separate CP-nonconserving effects in the production
vertex from the decay vertex, one has to construct appropriate observables with sensitivity to
only one CP-violating vertex, i.e., either production or decay (see e.g., [172]), or alternatively
some simplifying assumptions have to be made.
It is important to note that the description of the V tt¯ vertex for e+e− → tt¯ in terms of Eq. 6.2
is not necessarily sufficient. For example, in the MSSM, 1-loop box diagrams with exchanges of
SUSY particles may contribute to CP violation in e+e− → tt¯. In these type of diagrams a V tt¯
vertex is obviously absent (such effects were investigated in [142, 173]). However, note that in
2HDM’s with CP violation in the neutral Higgs sector, the general parameterization in Eq. 6.2
holds as there are no 1-loop box diagrams contributing to e+e− → tt¯, in the limit me = 0.
20For a comprehensive treatment of the helicity amplitudes for e+e− → tt¯ and for the subsequent top decays
t→ bℓνl in the presence of the CP-violating couplings in Eqs. 6.2, 6.5 and 6.6, see e.g., [21, 171].
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6.1.1 Optimized observables
As mentioned before, in the reaction e+e− → tt¯→ bW+b¯W−, CP violation can arise from both
the production (see Eq. 6.2) and the decay (see Eqs. 6.5 and 6.6) of the top. In this problem many
momenta are available, so several TN -odd triple correlations can be constructed all of which,
in principle, can have non-vanishing expectation values that are proportional to ℜedγ,Zt (q2).
Similarly several TN -even (CP-odd) observables can be constructed to measure ℑmdγ,Zt (q2). The
sensitivity to ℜedγ,Zt (q2) or ℑmdγ,Zt (q2) can vary considerably amongst the observables. It is,
therefore, useful to devise a general procedure that represents a rough measure of the sensitivity of
the observables in such situations. Thereby, one is lead to consider the possibility of constructing
“optimized observables”, i.e., observables that have the maximum statistical sensitivity. Recall
that for a given number of tt¯ events, the optimized observables will yield the smallest attainable
limit on the real and the imaginary parts of dγ,Zt (q
2). The basic idea of the optimized observables
was first outlined in [16]; the general recipe for construction of such observables is given in section
2.6.
Optimal observables have by now been used extensively in [16, 174, 175, 176, 177]. In [16,
174, 175] CP violation in the top decays was ignored and the CP-odd effect was attributed solely
to the EDM (dγt ) and ZEDM (d
Z
t ) of the top in the γtt¯ and Ztt¯ production vertex. Indeed, in
[143] it was shown that, in model calculations such as 2HDM and MSSM, the dipole moment in
the tt¯ production leads to larger CP-nonconserving effects than what might be expected in the
top decays.
In [176, 177] the optimization technique was employed to the overall reaction e+e− → tt¯ →
bW+b¯W−, where CP violation from both the production and the decay vertices of the top were
investigated.
Using the general V tt vertex in Eq. 6.2, the differential cross-section for e+e− → tt¯ may be
expressed as
Σ(φ)dφ = Σ0(φ)dφ +
∑
V=γ,Z
(
ℜedVt (s)Σℜe(dVt )(φ) + ℑmd
V
t (s)Σℑm(dVt )(φ)
)
dφ . (6.7)
As was explained in [16], the simplest optimized observables for the real and imaginary parts of
dγ,Zt (q
2) are
Oγ,ZR = Σℜe(dγ,Zt )/Σ0 , O
γ,Z
I = Σℑm(dγ,Zt )/Σ0 . (6.8)
These optimal observables are constructed simply from the available four momenta in e+e− → tt¯
and the subsequent decays. It was found in [16] that, for example, with 104 tt¯ events in an
NLC running at c.m. energies of
√
s = 500 GeV, ℜe(dγ,Zt ) and ℑm(dγ,Zt ) of about ∼ few× 10−17
e-cm become accessible at the 1-σ significance level. Recall that in model calculations, such as
MHDM’s and SUSY, the size of top EDM and ZEDM are typically at the level of ∼< 10−18 e-cm
(see Chapter 4) if one pushes the CP-violating phases of these models to their largest allowed
values. Thus, the 1-σ limit obtained in [16] is at least one order of magnitude above the theoretical
expectation for these dipole form factors within extensions of the SM.
Consider now the reaction e+e− → tt¯→ bW+b¯W− where the W+,W− further decay lepton-
ically via W → ℓνl or hadronically, i.e., to up and down quark jets. Of course, as is well known,
the top quark decay occurs in an extremely short time and one measures directly only the mo-
menta of the decay products of the top. The optimization technique may be therefore improved
to include all available 4-momenta in a given decay scenario of the tt¯ as, for example, was done
in [174, 175]. The basic idea there was to translate the CP-odd top spin correlations generated
by the dipole moments in e+e− → tt¯ to correlations among momenta of the decaying products
of the t and t¯. For this purpose, the most promising decay scenario is the single-leptonic decay
channels, i.e., when one, say the t, decays leptonically and the other, i.e., t¯, decays hadronically
or vice versa
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Table 5: Attainable 1-σ sensitivities to the CP-violating dipole moment form factors in units of
10−18 e-cm, with (Pe = ±1) and without (Pe = 0) beam polarization. mt = 180 GeV. Table
taken from [175].
20 fb−1,
√
s = 500 GeV 50 fb−1,
√
s = 800 GeV
Pe = 0 Pe = +1 Pe = −1 Pe = 0 Pe = +1 Pe = −1
δ(ℜedγt ) 4.6 0.86 0.55 1.7 0.35 0.23
δ(ℜedZt ) 1.6 1.6 1.0 0.91 0.85 0.55
δ(ℑmdγt ) 1.3 1.0 0.65 0.57 0.49 0.32
δ(ℑmdZt ) 7.3 2.0 1.3 4.0 0.89 0.58
t t¯ → ℓ+(q+) + νℓ + b+Xhad(qX¯) , (6.9)
t t¯ → Xhad(qX) + ℓ−(q−) + ν¯ℓ + b¯ . (6.10)
The decay scenarios in Eqs. 6.9 and 6.10 (each of which has a branching ratio, Bℓ ∼ 0.15, if
ℓ = e, µ) allow for the reconstruction of the t¯ and t momentum, respectively, which, in turn, gives
the rest frames of these quarks. The fact that the rest frames of t and t¯ may be accessible in
these decay modes allows one to use CP-odd observables in terms of lepton unit momenta qˆ∗± in
the corresponding top rest frames, instead of qˆ± - defined in the e+e− c.m. frame.
The optimal observables that they used are, again, simply the ratio between the CP-odd and
CP-even differential cross-sections and are given in [174]. However, in their optimal observables,
the differential cross-section corresponds to the overall production and decay of the tt¯ and the
leptonic momenta are taken in the corresponding t, t¯ rest frames. With the optimal observables
they [175] calculated the best 1-σ sensitivity to the CP-violating dipole moments form factors
ℜe(dγt ),ℜe(dZt ),ℑm(dγt ),ℑm(dZt ) assuming 100% tagging efficiency of the single-leptonic decay
modes of tt¯ in Eqs. 6.9 and 6.10; these are given in Table 5. We thus see that beam polarization
(of the incoming electrons), denoted here by Pe, may increase the sensitivity to ℜe(dγt ) and
ℑm(dZt ) by almost an order of magnitude. Evidently, the results in Table 5 imply that a NLC
running with a c.m. energy of
√
s = 500 GeV and an integrated luminosity of 20 fb−1, or√
s = 800 GeV and an integrated luminosity of 50 fb−1, will be able to probe, at 1-σ and in the
best cases, real and imaginary parts of the TDM, typically of the order of a few× 10−19− 10−18.
As in their analysis, this may be achieved by investigating the single-leptonic decay mode of tt¯.
This improves the limits obtained in [16] by about one order of magnitude. However, at the 3-σ
significance level, the corresponding sensitivities are typically few × 10−18 − 10−17 and so are
still about an order of magnitude above the expectations from the models such as MHDM’s and
SUSY.
It should be noted again that a CP-violating dipole moment at the tt¯γ and tt¯Z vertices may
not, in general, account for the entire CP violation effect in tt¯ production. As mentioned before,
this will, for example, be the case in the MSSM where 1-loop CP-violating box diagrams can
cause an additional CP-odd effect [173]. We note, however, that specifically in the MSSM, these
box contributions to CP violation in tt¯ cannot significantly enhance the CP-violating signal. In
fact, in some ranges of the relevant SUSY parameter space the contribution of the box graphs
comes with an opposite sign relative to the top dipole moments, such that cancellations may
occur, thus decreasing the net CP violation effect in tt¯ production [173].
A more complete investigation was carried out in [176, 177]. There the CP-violating form
factors from both the production and the decay amplitudes of the t and t¯ were included. For this
purpose, they used the single-leptonic energy spectrum
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1σ±
dσ
dx
±
=
3∑
i=1
c±i fi(x) , (6.11)
where
c±1 = 1, c
±
2 = ∓ξ, c+3 = −ℜe(fR2 ), c−3 = −ℜe(f¯L2 ) . (6.12)
The functions fi(x) are all given in [176] and f
R
2 , f¯
L
2 are defined in Eqs. 6.5 and 6.6. Also, ±
indicates the charge of the lepton and
x(x¯) = 2
Eℓ
+
(Eℓ
−
)
mt
√
(1− β)
(1 + β)
, (6.13)
Eℓ
+
(Eℓ
−
) being the energy of ℓ+(ℓ−) in the e+e− c.m. frame and β =
√
1− 4m2t/s. Specifically,
for mt = 180 GeV and
√
s = 500 GeV21
ξ ≃ −1.76× 10
16
[e− cm] ×
(
1.06ℑm(dγt ) + 0.18ℑm(dZt )
)
, (6.14)
In [176], optimal observables that may be used to separately measure the CP-violating form
factors in the production or the decay vertex were given. Their optimal observables utilize
the single-leptonic energy spectrum in Eq. 6.11. With the optimization technique they showed
that ξ and ℜe(fR2 − f¯L2 ) may be extracted individually from the difference in the ℓ+ versus ℓ−
energy spectra by convoluting the differential energy spectrum with approximately chosen kernel
functions
ξ =
1
2
∫
dx
[
1
σ+
dσ+
dx
− 1
σ−
dσ−
dx
]
Ωξ , (6.15)
ℜe(fR2 − f¯L2 ) =
∫
dx
[
1
σ+
dσ+
dx
− 1
σ−
dσ−
dx
]
Ωf , (6.16)
where Ωf ,Ωξ are functions of fi(x) defined in Eq. 6.11 and are given in [177]. The minimal
values of |ξ| and |ℜe(fR2 − f¯L2 )| that can be obtained with a statistical significance N ttVSD and
N tbWSD , respectively, at the NLC with
√
s = 500 GeV and mt = 180 GeV, can then be computed
[176]:
|ξ|min = 11.3 N
ttV
SD
ǫL × pb1/2
, (6.17)
|ℜe(fR2 − f¯L2 )| = 13.1
N tbWSD
ǫL × pb1/2
. (6.18)
Here ǫL represents the square root of the effective luminosity for the single-leptonic tt¯ pairs at
the NLC. Thus, ǫL ≡
√
ǫttL, where L is the integrated luminosity at the NLC and ǫtt is the
tagging efficiency for the single-leptonic mode. Note that, in the best case, ǫtt = Bℓ ≈ 15%, if
one assumes 100% efficiency in measuring the single leptons from tt¯.
We see from Eqs. 6.17 and 6.18 that, for example, with L = 100 fb−1 and ǫtt = 0.15 we
have ǫL ≈ 122.5 pb−1/2 (note that with these values one has ∼ 9000 single-leptonic tt¯ events).
Therefore, with this number, a 3-σ detection of |ξ| will be possible for |ξ| ≈ 0.28. Using the
relation between ξ and ℑm(dγ,Zt ) in Eq. 6.14 we then get the following 3-σ equality
21Notice the difference in our notation (Eq. 6.2) and the one used in [176] for the top dipole moments. The
translation is Dγ,Z = (4mt sin θW /e)× idγ,Zt .
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1.06ℑm(dγt ) + 0.18ℑm(dZt ) ≃ 1.6 × 10−17 e− cm . (6.19)
Eq. 6.19 implies that ℑm(dγ,Zt ) of the order of ∼ 10−17 e-cm may be detected at the 3-σ level
at the NLC, running with c.m. energy of
√
s = 500 GeV and with an integrated luminosity of
L = 100 fb−1, using the optimal observables suggested in [176]. This result is again about one
order of magnitude better compared to the results obtained in [16] and it is comparable to the
results shown in Table 5 which were obtained in [175].
As for the CP-violating form factors in the decay amplitude, we can use Eq. 6.18 to get the
3-σ limit on |ℜe(fR2 − f¯L2 )|. For ǫL ≈ 122.5 pb−1/2
|ℜe(fR2 − f¯L2 )| ≈ 0.32 . (6.20)
In Chapter 5 we have discussed the theoretical expectations for couplings such as fR2 and f¯
L
2
in the SM and its extensions. The SM prediction for such form factors, induced by the CKM
matrix, is much too small to be observed. Moreover, even within MHDM’s and the MSSM the
resulting 3-σ limit in Eq. 6.20 falls short by at least one order of magnitude.
Finally, in [177] the single-leptonic channel was compared to the double-leptonic mode, i.e.,
when both t and t¯ decay leptonically, using the optimization technique. It was found there that
the single-leptonic mode comes out favorable by about a factor of 2.
6.1.2 Naive observables constructed from momenta of the top decay products
Various types of “naive” observables to deduce the real and imaginary parts of the non-standard
form factors in top production and decay were considered in [17, 16, 143, 165, 174, 175, 178,
179, 180]. These observables are constructed simply from correlations between momenta of the
decaying products of the top quark. The basic idea again utilizes the fact that weak decays of the
top quark act as very efficient analyzer of the top spin. So the momenta of the decay products (via
t → bℓν) can be used to construct the observables with the right transformation properties. In
general, as expected, the “naive” operators are less effective than the optimal ones, sometimes by
as much as an order of magnitude. However, it is important to bear in mind that this advantage
pertains only with respect to statistical errors; in actual experimental considerations, systematic
errors will also need to be taken into account and that could offset some of the advantage of the
optimized observables.
In [16], amongst the various possible correlations, the best simple operators that they found
are
ǫµνσρP
µ
b Q
ν
ZH
+σH−ρ for ℜedγt ,
ǫµνσρP
µ
e Q
ν
ZH
+σH−ρ for ℜedZt , (6.21)
H− ·QZ for ℑmdγt and ℑmdZt ,
where the momenta above are given by
Pb = pb − pb¯ ,
Pe = p
+
e − p−e ,
QZ = p
+
e + p
−
e , (6.22)
H± = 2(E+W · pt)E+W ± 2(E−W · pt)E−W ,
and EW is the W -boson polarization for the reaction W (pW ) → ℓ(pℓ)νℓ(pν). Because of the
left-handed nature of the coupling of W to leptons its polarization can be constructed from the
momenta of the decay products as
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EµW =
Tr[6 pν 6 ω0 6 pℓγµ(1− γ5)]
4
√
pν · ω0pℓ · ω0 (6.23)
Here ω0 is an arbitrary light-like vector that determines the phase convention for the polarization.
The expression above requires the ν momenta. Recall that the final state consists of six particles
bℓ+νℓb¯ℓ
−ν¯ℓ. Of these only four are directly observable as the neutrinos escape detection. However,
by imposing the following conditions, the momenta of the missing neutrinos may in fact be
inferred. The conditions that need to be imposed are: (1) conservation of four-momentum
together with the conditions that (2) the lepton and a neutrino reconstruct to the W± mass, (3)
the b-quark together with a lepton and neutrino reconstruct the t, t¯ mass and (4) the neutrinos
are massless.
It was then found in [16] that the use of the W polarization in the operators of Eq. 6.21
can easily improve the sensitivity to the dipole moments by factors of 10–50 when compared to
simple correlations which do not involve the W polarization vector. As compared to the optimal
observables discussed in their work, the observables in Eq. 6.21 are less effective, typically, by
about a factor of 2–10.
In [17, 165], the following CP-odd and TN -odd correlations were considered
Tˆij = (qˆ− − qˆ+)i (qˆ− × qˆ+)j|qˆ− × qˆ+| + (i↔ j) , (6.24)
Aˆ1 = pˆ+ · (qˆ− × qˆ+)|qˆ− × qˆ+| , (6.25)
where pˆ+ is the unit momentum of the incoming positron and qˆ
± are the unit momenta of a
charged decay product from t→ A, t¯→ B¯ in the overall c.m. system. Thus, qˆ± are the directions
of a charged lepton or a b jet. An interesting property of these correlations is that they are not
sensitive to CP-violating effects in the t and t¯ decays and, therefore, they can be expressed in
terms of only the real part of the EDM and ZEDM form factors, ℜe(dγ,Zt ). The mean values of
Tˆij and Aˆ1 plus the conjugate ones are given by [165]:
〈Tˆij〉AB¯ + 〈Tˆij〉BA¯ = 2
√
s
e
(cγ,ABℜedγt + cZ,ABℜedZt )sij , (6.26)
〈Aˆ1〉AB¯ + 〈Aˆ1〉BA¯ = 2
√
s
e
(rγ,ABℜedγt + rZ,ABℜedZt ) , (6.27)
where, identifying the z-axis with the e+ beam axis
sij =
1
2
(
pˆ+ipˆ+j − 1
3
)
= diag
(
−1
6
,−1
6
,
1
3
)
. (6.28)
The coefficients cγ,Z and rγ,Z depend on the specific decay channel and were calculated as a
function of s in [165] for correlations among AB = ℓ+ℓ−, bb¯ and ℓ+b+ ℓ−b¯.
Possible CP-odd, TN -even correlations that use the momenta of the decay products of t and
t¯ were also examined in [165]:
Qˆij = (qˆ+ + qˆ−)i(qˆ− − qˆ+)j + (i↔ j) , (6.29)
Aˆ2 = pˆ+ · (qˆ+ + qˆ−) . (6.30)
In contrast to the TN -odd observables in Eqs. 6.24 and 6.25, the TN -even observables Qˆij and
Aˆ2, which acquire absorptive phases, are sensitive also to the combinations ℜe(fPi − f¯Pi ) (recall
that P = L or R), e.g., ℜe(fR2 − f¯L2 ), of the form factors in the decay amplitudes of Eqs. 6.5
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and 6.6. In [165], CP-odd effects in the decay process were neglected when evaluating the two
CP-odd, TN -even observables in Eqs. 6.29 and 6.30. In terms of the imaginary parts of the EDM
and ZEDM of the top they obtained
〈Qˆij〉AB¯ + 〈Qˆij〉BA¯ = 2
√
s
e
(qγ,ABℑmdγt + qZ,ABℑmdZt )sij , (6.31)
〈Aˆ2〉AB¯ + 〈Aˆ2〉BA¯ = 2
√
s
e
(pγ,ABℑmdγt + pZ,ABℑmdZt ) . (6.32)
Here, again, the coefficients qγ,Z and pγ,Z depend on the specific channel and were given as a
function of s in [165] for correlations among AB = ℓ+ℓ−, bb¯ and ℓ+b+ ℓ−b¯.
From the simultaneous measurement of the pairs 〈Tˆij〉, 〈Aˆ1〉 and 〈Qˆij〉, 〈Aˆ2〉 and for a given
c.m. energy, ℜe(dγ,Zt ) and ℑm(dγ,Zt ) can be disentangled, respectively. Assuming 104 available
tt¯ events at each c.m. energy, the 1-σ statistical sensitivity to ℜedγt and ℜedZt , using only the 33
component of Tˆij , are
δ (ℜedγt ) =
e√
sNeff
√
〈
(
3rZ Tˆ33 − cZAˆ1
)2〉
|cγ · rZ − cZ · rγ | , (6.33)
δ
(
ℜedZt
)
=
e√
sNeff
√
〈
(
3rγ Tˆ33 − cγAˆ1
)2〉
|cZ · rγ − cγ · rZ | , (6.34)
where Neff = 10
4 × Br(t → A) × Br(t¯ → B¯). Similar relations can be obtained for ℑmdγt and
ℑmdZt using Qˆ33 and Aˆ2.
Using this formalism, Ref. [165] presents the one standard deviation accuracies in measuring
the real and imaginary parts of dγ,Zt , again assuming 10
4 tt¯ events at c.m. energy
√
s = 500 GeV
and with mt = 175 GeV
ℜedγt ≈ 1× 10−17 , ℑmdγt ≈ 1.2× 10−17 , (6.35)
ℜedZt ≈ 5× 10−18 , ℑmdZt ≈ 7.5× 10−17 , (6.36)
where the best sensitivity was obtained for correlations between the ℓ+ℓ− momenta. We note
that the sensitivity to ℜedγ,Zt is slightly better than to ℑmdγ,Zt .
Cuypers and Rindani [181] have investigated the effect of polarized incoming electron beams.
They found that the sensitivity of observables of the type A1 and A2 in Eqs. 6.25 and 6.30 to the
real and imaginary parts of dγ,Zt , respectively, can be enhanced if the incoming electron beam
is longitudinally polarized. Note also [174], the type of observables in Eqs. 6.24, 6.25, 6.29 and
6.30 may be improved (with respect to their sensitivity to the dipole moments) if one replaces
the momentum of the charged lepton in the e+e− c.m. frame by its momentum in the top (or
anti-top) rest frame, in the single-leptonic tt¯ channel.
As was shown in the previous section, the CP-violating effects in the top decay t→ bW+ and
its conjugate may be isolated using the optimization procedure. This may also be achieved in
some limiting cases using naive observables. In [143, 165] a naive observable that projects onto
CP violation in the top decay vertex was suggested
O1 = pˆ+ ·
[
(qˆℓ¯ × qˆb)
|qˆℓ¯ × qˆb|
− (qˆℓ × qˆb¯)|qˆℓ × qˆb¯|
]
. (6.37)
Although, in general, the expectation value of O1 above receives contributions both from the
CP violation in tt¯ production and in the decay amplitude, it was shown in [165] that close to
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threshold, i.e.,
√
s ≃ 2mt, the contribution from the tt¯ production vertex vanishes. For example,
with the correlation O1, for an appropriate e+e− collider with mt = 150 GeV and c.m. energy√
s ≃ 2mt, they find
〈O1〉 ≈ 0.15 ×ℑm(fR2 − f¯L2 ) , (6.38)
where fR2 , f¯
L
2 are form factors in the decay amplitudes defined in Eqs. 6.5 and 6.6. Assuming
3× 103 tt¯ events in which t→ bℓ+νℓ and t¯→ b¯ℓ−ν¯ℓ, they found that, to 1-σ,
δ
(
ℑm(fR2 − f¯L2 )
)
≈ 0.1 , (6.39)
can be determined from a measurement of O1. Again, the limit in Eq. 6.39 falls short from model
predictions for these form factors (see Chapter 5). This is easily understood from Eq. 6.38 which
implies an asymmetry of the order of ∼ 10−3 for ℑm(fR2 − f¯L2 ) ∼ 0.1. Recall that the typical
asymmetries in extensions of the SM that we have described in Chapter 5 are ∼< a few times
10−3 and in the SM they are a lot smaller than that.
A related CP-odd and TN -odd asymmetry that projects only onto CP-violating effects in the
decay processes of the t and t¯ was suggested by Grzadkowski and Keung, [167]. This asymmetry
was defined by partially integrating over the azimuthal angle of ℓ+(ℓ−) in the W+(W−) rest
frame and subtracting the integration in the range {−π, 0} from the integration in the range
{0, π} and it is essentially proportional to the triple product pℓ · (pb × pW ). When evaluated
within the MSSM, the asymmetry was found to be ∼ 10−4 − 10−3 which again falls short by at
least one order of magnitude from the limits that are anticipated to be obtainable, through the
study of e+e− → tt¯→ ℓ+ℓ−νℓν¯ℓbb¯ in a future e+e− high energy collider.
6.1.3 Improved sensitivity using energy and angular distributions of top decay
products and polarized electron beams
Several differential leptonic asymmetries with respect to the charged lepton in t → bℓνℓ and for
longitudinal electron (positron) beam polarizations, Pe (Pe¯), have been suggested in [16, 176,
177, 182, 183].
Consider the CP-violating t − t¯ spin correlation pˆt · (st − st¯). This spin correlation simply
translates to the asymmetry
∆NLR =
[N(tL t¯L)−N(tRt¯R)]
all tt¯
, (6.40)
suggested first by Schmidt and Peskin (SP) in [20] in the context of tt¯ production in hadron
colliders (the SP effect will be discussed in more detail in Chapter 7).
Now, ∆NLR is related to the asymmetry in the energy spectrum defined as [19, 182, 183]:
AE(x) =
1
σ
[
dσ
dx (l+)
− dσ
dx (l−)
]
, (6.41)
through a simple multiplication by kinematic functions present in the lepton energy distribution
functions (see [176]). The energy asymmetry in Eq. 6.41 is between distributions of l+ and l− at
the same value of x = x(l+) = x(l−) = 4E(l±)/
√
s. Note that when CP violation is present
in the top production and not in the top decay, then AE(x) ∝ ∆NLR ∝ ξ, where ξ is defined in
Eq. 6.14.
An up-down asymmetry, Aud, was also studied in [19, 182]:
Aud =
∫ +1
−1
Aud(θ)d cos θ , (6.42)
where
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Aud(θ) =
1
2σ
[
dσ(l+,up)
d cos θ
− dσ(l
+,down)
d cos θ
+
dσ(l−,up)
d cos θ
− dσ(l
−,down)
d cos θ
]
, (6.43)
and up/down refers to (pl±)y
>
< 0, (pl±)y being the y component of ~pl± with respect to a
coordinate system chosen in the e+ e− c.m. frame so that the z-axis is along ~pt, and the y-axis
is along ~pe × ~pt. The tt¯ production plane is thus the xz plane. θ refers to the angle between ~pt
and ~pe in the c.m. frame. Note that the asymmetry Aud is related to spin components of the top
transverse to the production plain and, therefore, it is a TN -odd quantity.
Three additional asymmetries were considered in [182]. The combined up-down and forward-
backward asymmetry
Afbud =
∫ 1
0
Aud(θ) d cos θ −
∫ 0
−1
Aud(θ) d cos θ , (6.44)
with Aud(θ) given in Eq. 6.43. The left-right asymmetry
Alr =
∫ +1
−1
Alr(θ) d cos θ , (6.45)
where
Alr(θ) =
1
2σ
[
dσ(l+, left)
d cos θ
− dσ(l
+, right)
d cos θ
+
dσ(l−, left)
d cos θ
− dσ(l
−, right)
d cos θ
]
, (6.46)
and left/right refers to (pl±)x
>
< 0. The combined left-right and forward-backward asymmetry
Afblr =
∫ 1
0
Alr(θ) d cos θ −
∫ 0
−1
Alr(θ) d cos θ , (6.47)
with Alr(θ) given in Eq. 6.46.
To leading order in the dipole form factors and on ignoring CP violation in the t and t¯ decays,
all the above five CP-odd asymmetries are linear functions of dγt and d
Z
t . The asymmetries
AE , Alr, A
fb
lr are TN -even and are therefore proportional to ℑmdγ,Zt , while Aud, Afbud are TN -odd
and are proportional to ℜedγ,Zt . The TN -even asymmetries can be symbolically written as
Ai ≡ aγi (Pe, Pe¯)ℑmdγt + aZi (Pe, Pe¯)ℑmdZt . (6.48)
Similarly, for the TN -odd observables, one obtains
Bi ≡ bγi (Pe, Pe¯)ℜedγt + bZi (Pe, Pe¯)ℜedZt . (6.49)
where Ai = AE , Alr or Afblr and Bi = Aud or Afbud. The functions aγ,Z , bγ,Z depend, among
other parameters, on the polarizations of the incoming electron and positron beams, Pe and Pe¯,
respectively, and are explicitly given in [182].
It is evident from Eqs. 6.48 and 6.49 that, without beam polarization, by measuring only
one asymmetry of the type Ai and/or Bi, one can extract information only on one combination
of {ℑmdγt , ℑmdZt } and/or {ℜedγt , ℜedZt }, respectively. However, any two asymmetries with the
same TN property can be used to determine two independent combinations of the corresponding
real or imaginary parts of dγt and d
Z
t , thus, giving ℑmdγt and ℑmdZt or ℜedγt and ℜedZt indepen-
dently. Such an analysis was described in the previous section where the observable pairs Tˆ33, Aˆ1
and Qˆ33, Aˆ2 were used to find the sensitivity of a high energy e
+e− collider to ℜedγt ,ℜedZt and
ℑmdγt ,ℑmdZt , respectively. However, it was suggested in [182] that if, in addition, beam polar-
ization is included, then one TN -even(TN -odd) asymmetry is sufficient to determine ℑmdγt and
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Table 6: 90% confidence limits on the real and imaginary parts of the top dipole form factors
dγt and d
Z
t , in units of 10
−17 e-cm, from different asymmetries. In the unpolarized case , the
asymmetries Aud, A
fb
ud are together used to get limits on ℜedγ,Zt and Alr, Afblr to obtain the limits
on ℑmdγ,Zt . In the polarized case, the limits obtained from Aud and Alr are denoted by (a) and
the ones from Afbud and A
fb
lr are denoted by (b). The numbers are for the single-leptonic tt¯ mode,
for mt = 174 GeV,
√
s = 500 GeV and an integrated luminosity of L = 10 fb−1.
Case |ℜedγt | |ℜedZt | |ℑmdγt | |ℑmdZt |
unpolarized 54.4 15.9 7.9 62.4
(a) polarized(Pe = ±0.5) 2.3 2.3 2.3 9.1
(b) polarized(Pe = ±0.5) 12.5 9.1 2.3 7.9
ℑmdZt (ℜedγt and ℜedZt ) independently by measuring this asymmetry for different polarizations.
Both approaches were adopted in [182]. Their best results are summarized in Table 6 where
90% confidence level limits are given for
√
s = 500 GeV and mt = 174 GeV. We can see from
Table 6 that the second approach, of incorporating beam polarization, increases the sensitivity
to both the real and imaginary parts of the EDM and ZEDM of the top, in some cases, by
about one order of magnitude. With 50% beam polarization, the 90% confidence level limits for
ℑmdγt ,ℑmdZt ,ℜedγt and ℜedZt are again at best around ∼ few × 10−17 e-cm.
An interesting differential asymmetry that combines information from both the production
and decay vertices of the top was suggested in [177]:
Aℓℓ ≡
(∫∫
x<x¯ dxdx¯
d2σ
dxdx¯ −
∫∫
x>x¯ dxdx¯
d2σ
dxdx¯
)
∫∫
dxdx¯ d
2σ
dxdx¯
. (6.50)
This asymmetry utilizes the double-leptonic energy distribution in e+e− → tt¯→ ℓ+ℓ−νℓν¯ℓbb¯
1
σ
d2σ
dx dx¯
=
3∑
i=1
cifi(x, x¯) , (6.51)
where x, x¯ are defined in Eq. 6.13 and
c1 = 1 , c2 = ξ , c3 = −1
2
ℜe(fR2 − f¯L2 ) . (6.52)
fR2 , f¯
L
2 and ξ are defined in Eqs. 6.5, 6.6 and 6.14, respectively. In terms of ξ (or equivalently of
ℑmdγ,Zt ) and ℜe(fR2 − f¯L2 ) and with
√
s = 500 GeV, mt = 180 GeV and the SM parameters they
obtained the simple relation
Aℓℓ = −0.34ξ − 0.31ℜe(fR2 − f¯L2 ) . (6.53)
Given a number of available double-leptonic tt¯ events in the NLC and using the relation in
Eq. 6.53, one can now plot the 1-σ, 2-σ and 3-σ detectable regions in the ℑmdγ,Zt −ℜe(fR2 − f¯L2 )
plane. These regions are shown in Fig. 27 for ∼ 700 double-leptonic tt¯ events in a 500 GeV
collider. We see from Fig. 27 that a 3-σ detection of CP violation through Aℓℓ is possible in
a wide range of the parameters ξ and fR2 , f¯
L
2 . However, if one parameter is very small, then
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it requires the other to be relatively large. Thus, for example, if ℜe(fR2 − f¯L2 ) = 0 then, at
3-σ, |ℑm(dγ,Zt )| ∼> 1.7 × 10−17 e-cm (or, with the notation used in [177], |ℜe(Dγ,Z)| ∼> 0.3, see
also Fig. 27). This is again comparable to obtainable limits from other observables described
in this section and, thus, falls short by about one order of magnitude when compared to model
dependent predictions for the top dipole moment.
Finally, interesting CP-violating asymmetries which involve correlations among b-quarks from
tt¯→ bW+b¯W− were suggested by Bartl et al. in [178, 179, 180]. They utilized the angular [178]
and energy [179] distributions of b and b¯ with initial beam polarization, in e+e− → tt¯ followed
by t → bW+ and t¯ → b¯W−, to construct CP-violating asymmetries that can disentangle CP
violation in the tt¯ production mechanism from CP violation in the top decay. Unfortunately,
their asymmetries, when evaluated within the MSSM, range from 10−4 to 10−3 at best, and
therefore also seem to be too small to be detectable at a future NLC.
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Figure 26: Tree-level (a) and CP-violating amplitudes (b),(c),(d) to leading order in the SM
couplings and in CP-violating form factors.
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Figure 27: One can verify the asymmetry Aℓℓ in Eq. 6.50 to be non-zero at 1-σ, 2-σ and 3-σ level
when the parameters ℜe(Dγ,Z) (horizontal axis) and ℜe(fR2 − f¯L2 ) (vertical axis) are outside the
two solid lines, dashed lines and dotted lines, respectively, given ∼ 700 double-leptonic tt¯ events in
a 500 GeV e+e− collider. Recall that Dγ,Z is related to d
γ,Z
t via: Dγ,Z = (4mt sin θW/e)× idγ,Zt ,
i.e., ℜe(Dγ,Z) corresponds to ℑmdγ,Zt . Figure taken from [177].
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6.2 e+e− → tt¯h, tt¯Z, examples of tree-level CP violation
Let us now turn our attention to the reactions
e+(p+) + e
−(p−)→ t(pt) + t¯(pt¯) + h(ph) , (6.54)
e+(p+) + e
−(p−)→ t(pt) + t¯(pt¯) + Z(pZ) , (6.55)
which may exhibit large CP violation asymmetries in a 2HDM [55, 184, 185, 186]. Note that for
reasons discussed below, for the CP-violating effects in e+e− → tt¯h as well as in e+e− → tt¯Z,
only two out of the three neutral Higgs of the 2HDM are relevant. We denote these two neutral
Higgs particles by h and H corresponding to the lighter and heavier Higgs-boson, respectively.
In some instances we denote a neutral Higgs by H, then H = h or H is to be understood.
A novel feature of these reactions is that the effect arises at the tree-graph level. As a
consequence, one can construct new type of asymmetries which are ∝ (tree×tree)/(tree×tree)
and are therefore a-priori of O(1). This stands in contrast to loop induced CP-violating effects
in tt¯ production for which the CP asymmetries, in general, are ∝ (tree×loop)/(tree×tree) and
are therefore suppressed by additional small couplings to begin with, i.e., at 1-loop, typically, by
α - the fine structure constant.
Indeed, we will show below that CP violation at the level of tens of a percent is possible in
the reactions in Eqs. 6.54 and 6.55. Basically, for the tt¯h(tt¯Z) final states, Higgs(Z) emission
off the t and t¯ interferes with the Higgs(Z) emission off the s-channel Z-boson (see Fig. 28)
[55, 184, 185]. We find that the processes e+e− → tt¯h and e+e− → tt¯Z provide two independent,
but analogous, promising probes to search for the signatures of the same CP-odd phase, residing
in the tt¯-neutral Higgs coupling, if the value of tan β (the ratio between the two VEV’s in a
2HDM) is in the vicinity of 1. In particular, they serve as good examples for large CP-violating
effects that could emanate from t systems due to the large mass of the top quark and, thus, they
might illuminate the role of a neutral Higgs particle in CP violation.
Although these reactions are not meant (necessarily) to lead to the discovery of a neutral
Higgs, they will, no doubt, be intensely studied at the NLC since they stand out as very important
channels for a variety of reasons. In particular, they could perhaps provide a unique opportunity
to observe the top-Higgs Yukawa couplings directly [51, 187, 188, 189, 190, 191]. In [51, 189],
using a generalization of the optimal observables technique outlined below (see also section 2.6),
Gunion et al. have extended the initial work [55] on CP violation in e+e− → tt¯h to include a
detailed cross-section analysis such that all Higgs Yukawa couplings combinations are extracted
(see below). A similar analysis which also uses the optimized observable technique for e+e− → tt¯Z
is given in [186]. A detailed cross-section analysis of the reaction e+e− → tt¯Z in the SM was
performed by Hagiwara et al. [190]. There, it was found that the Higgs exchange contribution
of diagram (b) on the right hand side of Fig. 28 will be almost invisible in a TeV e+e− collider
for neutral Higgs masses in the range mh < 2mt. Interestingly, we will show here that, if the
scalar sector is doubled, then the lightest neutral Higgs (h) may reveal itself through CP-violating
interactions with the top quark even if mh < 2mt. Obviously, a non-SM (e.g., larger) top-Higgs
Yukawa coupling can cause an enhancement in the rates for both the tt¯h and tt¯Z final states.
Thus, a “simple” cross-section study for these reactions may also come in handy for searching
for new physics. However, one should keep in mind that, from the experimental point of view,
asymmetries, i.e., ratios of cross-section, are easier to handle and, in particular, CP-violating
signals are very distinctive evidence for new physics.
This section will be divided to three parts. In the first part we present a detailed analysis
of the tree-level CP violation in the reactions e+e− → tt¯h and e+e− → tt¯Z which manifests
itself as a TN -odd correlation of momenta. In the second part we will consider the generalized
optimization technique developed by Gunion et al. and its application to the reaction e+e− → tt¯h.
In the last part we will discuss CP violation in the Higgs decay h→ tt¯, where we take the Higgs
to be produced through the Bjorken mechanism e+e− → Zh.
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Figure 28: Tree-level Feynman diagrams contributing to e+e− → tt¯h (left hand side) and e+e− →
tt¯Z (right hand side) in the unitary gauge, in a 2HDM. For e+e− → tt¯Z, diagram (a) on the
right hand side represents 8 diagrams in which either Z or γ are exchanged in the s-channel and
the outgoing Z is emitted from e+, e−, t or t¯.
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6.2.1 Tree-level CP violation
In the unitary gauge the reactions in Eqs. 6.54 and 6.55 can proceed via the Feynman diagrams
depicted in Fig. 28. We see that for e+e− → tt¯Z, diagram (b) on the right hand side of Fig. 28,
in which Z and H are produced (H = h or H is either a real or a virtual particle, i.e. mH > 2mt
or mH < 2mt, respectively) followed by H → tt¯, is the only place where new CP-nonconserving
dynamics from the Higgs sector can arise, being proportional to the CP-odd phase in the tt¯H
vertex. As mentioned above, in both the tt¯h and the tt¯Z final state cases, CP violation arises
due to interference of the diagrams where the neutral Higgs is coupled to a Z-boson with the
diagrams where it is radiated off the t or t¯. We note that in the tt¯Z case there is no CP-violating
contribution coming from the interference between the diagrams with the ZZH coupling and the
diagrams where the Z-boson is emitted from the incoming electron or positron lines (not shown
in Fig. 28).
The relevant pieces of the interaction Lagrangian involve the tt¯Hk Yukawa and the ZZHk
couplings and are given in Eqs. 3.70 and 3.71. There, Hk (k = 1, 2 or 3) are the three neutral
Higgs scalars in the theory. As usual the three couplings akt , b
k
t and c
k in Eqs. 3.70 and 3.71 are
functions of tan β ≡ v2/v1 (the ratio of the two VEV’s) and of the three mixing angles α1, α2,
α3 which characterize the Higgs mass matrix in Eq. 3.73 (for details see section 3.2.3).
As was also mentioned in section 3.2.3, only two out of the three neutral Higgs can simul-
taneously have a coupling to vector-bosons and a pseudoscalar coupling to fermions. Therefore,
only those two neutral Higgs particles are relevant for the present discussion and, without loss of
generality we denote them as H1 = h and H2 = H with couplings aht , bht , ch and aHt , bHt , cH , cor-
responding to the light, h, and heavy, H, neutral Higgs, respectively. This implies the existence
of a “GIM-like” cancellation, namely, when both h and H contribute to CP violation, then all
CP-nonconserving effects, being proportional to bht c
h + bHt c
H , must vanish when the two Higgs
states h and H are degenerate. In the following we set the mass of the heavy Higgs, H, to be
mH = 750 GeV or 1 TeV.
In the process e+e− → tt¯h, a Higgs particle is produced in the final state, therefore, the heavy
Higgs-boson, H, is not important and this “GIM-like” mechanism is irrelevant. Note that there
is an additional diagram contributing to e+e− → tt¯h, which involves the ZhH coupling and is
not shown in Fig. 28. This diagram is, however, negligible compared to the others for the large
mH values used here. In contrast, in the process e
+e− → tt¯Z, the Higgs is exchanged as a virtual
or a real particle and the effect of H is, although small compared to h, important in order to
restore the “GIM-like” cancellation discussed above.
For both the tt¯h and tt¯Z final states processes, we denote the tree-level polarized Differential
Cross-Section (DCS) by Σ(j)f , where f = tt¯h or f = tt¯Z corresponding to the tt¯h or tt¯Z final
states, respectively, and j = 1(−1) for the left(right) polarized incoming electron beam. Σ(j)f
can be subdivided into its CP-even (Σ+(j)f ) and CP-odd (Σ−(j)f ) parts
Σ(j)f = Σ+(j)f +Σ−(j)f . (6.56)
The CP-even and CP-odd DCS’s can be further subdivided into different terms which correspond
to the various Higgs coupling combinations and which transform as even or odd (denoted by the
letter n) under TN . For both final states, f = tt¯h and f = tt¯Z, we have
Σ+(j)f =
∑
i
g
i(n)
+f F
i(n)
+(j)f , CP− even ,
Σ−(j)f =
∑
i
g
i(n)
−f F
i(n)
−(j)f , CP− odd , (6.57)
where g
i(n)
+f , g
i(n)
−f , n = + or −, are different combinations of the Higgs couplings aHt , bHt , cH and
F
i(n)
+(j)f , F
i(n)
−(j)f , again with n = + or −, are kinematical functions of phase space which transform
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like n under TN .
Let us first write the Higgs coupling combinations for the CP-even part. In the case of
e+e− → tt¯h, neglecting the imaginary part in the s-channel Z-propagator, we have four relevant
coupling combinations [51, 55, 185]:
g
1(+)
+tt¯h = (a
h
t )
2 , g
2(+)
+tt¯h = (b
h
t )
2 , g
3(+)
+tt¯h = (c
h)2 , g
4(+)
+tt¯h = a
h
t c
h . (6.58)
In the case of e+e− → tt¯Z, apart from the SM contribution, which corresponds to interference
terms among the four SM diagrams represented by diagram (a) on the right hand side of Fig. 28,
and keeping terms proportional to both the real and imaginary parts of the Higgs propagator,
ΠH, we get [184, 185]:
g
1(+)
+tt¯Z = (a
H
t c
H)ℜe(ΠH) , g2(−)+tt¯Z = (aHt cH)ℑm(ΠH) ,
g
3(+)
+tt¯Z = (a
H
t c
H)2ℜe(ΠH) , g4(+)+tt¯Z = (aHt cH)2ℑm(ΠH) ,
g
5(+)
+tt¯Z = (b
H
t c
H)2ℜe(ΠH) , g6(+)+tt¯Z = (bHt cH)2ℑm(ΠH) , (6.59)
where
ΠH ≡
(
s+m2Z −m2H − 2p · pZ + imHΓH
)−1
, (6.60)
p ≡ p− + p+ and ΓH is the width of H = h or H.
The CP-odd coupling combinations are
g
1(−)
−tt¯h = b
h
t c
h , (6.61)
for the tt¯h final state and
g
1(−)
−tt¯Z = b
H
t c
Hℜe(ΠH) , g2(+)−tt¯Z = bHt cHℑm(ΠH) , (6.62)
for tt¯Z final state.
The CP-even pieces, Σ+(j)f , yield the corresponding cross-sections (recall that f = tt¯h or
tt¯Z)
σ(j)f =
∫
Σ+(j)f (Φ)dΦ , (6.63)
where Φ stands for the phase-space variables. In Fig. 29(a) and 29(b) we plot the unpolarized
cross-sections, σtt¯h and σtt¯Z as a function of mh and
√
s, for Model II (i.e., 2HDM of type 2 as
defined in section 3.2.3), with mH = 750 GeV and the set of values {α1, α2, α3} = {π/2, π/4, 0}
which we denote as set II. Set II is also adopted later when discussing the CP-violating effect.
Furthermore, for the tt¯h final state we choose tan β = 0.5 while for tt¯Z we choose tan β = 0.3.
Afterwards, we will discuss the dependence of the CP-violating effect on tan β in the tt¯h and tt¯Z
cases. One can observe the dissimilarities in the two cross-sections σtt¯h and σtt¯Z : while σtt¯h is at
most ∼ 1.5 fb, σtt¯Z can reach ∼ 7 fb at around
√
s ≈ 750 GeV and mh ∼> 2mt. σtt¯h drops with
mh while σtt¯Z grows in the range mh ∼< 2mt. σtt¯Z peaks at around mh ∼> 2mt and drops as mh
grows further. Moreover, σtt¯h peaks at around
√
s ≈ 1(1.5) TeV for mh = 100(360) GeV, while
σtt¯Z peaks at around
√
s ≈ 750 GeV for both mh = 100 and 360 GeV. As we will see later, these
different features of the two cross-sections are, in part, the cause for the different behavior of the
CP asymmetries discussed below.
Let us now concentrate on the CP-odd, TN -odd effects in e
+e− → tt¯h, tt¯Z, emanating
from the TN -odd pieces in Σ−(j)tt¯h, Σ−(j)tt¯Z , respectively. From Eqs. 6.61 and 6.62 it is clear
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that the CP-violating pieces Σ−(j)tt¯h, Σ−(j)tt¯Z have to be proportional to bht ch (in the tt¯Z case
there is an additional similar piece corresponding to the heavy Higgs H). The corresponding
CP-odd kinematic functions, F
1(−)
−(j)tt¯h, F
1(−)
−(j)tt¯Z , being TN -odd, are pure tree-level quantities and
are proportional to the only non-vanishing Levi-Civita tensor present, ǫ(p−, p+, pt, pt¯), when the
spins of the top are disregarded. The explicit expressions for F
1(−)
−(j)f are (recall that j = 1(−1)
for left(right) polarized incoming electron beam)
F
1(−)
−(j)tt¯h = −
1√
2
(
g3W
c3W
)2
m2t
m2Z
ΠZhΠZT
3
t c
Z
j ǫ(p−, p+, pt, pt¯)×{
j(Πht +Π
h
t¯ )
[
(s− st −m2h)(3w−j − w+j ) +m2Z(w−j − w+j )
]
+
T 3t c
Z
j ΠZ(Π
h
t −Πht¯ )f
}
, (6.64)
F
1(−)
−(j)tt¯Z = −
√
2
(
2g3W
c3W
)2
m2t
m2Z
ΠZT
3
t c
Z
j ǫ(p−, p+, pt, pt¯)×{
j(ΠZt +Π
Z
t¯ )
[
m2Zw
−
j + (st − s)w+j
]
+
T 3t c
Z
j ΠZ(Π
Z
t −ΠZt¯ )f
}
, (6.65)
where s ≡ 2p− · p+ is the c.m. energy of the colliding electrons, st ≡ (pt + pt¯)2 and f ≡ (p− −
p+) · (pt + pt¯). Also
Πht(t¯) ≡
(
2pt(t¯) · ph +m2h
)−1
, ΠZt(t¯) ≡
(
2pt(t¯) · pZ +m2Z
)−1
, (6.66)
ΠZ ≡
(
s−m2Z
)−1
, Πγ ≡ s−1 , ΠZh ≡
(
(p− ph)2 −m2Z
)−1
. (6.67)
and
w±j ≡
(
s2WQt −
1
2
T 3t
)
cZj ΠZ ±Qts2W c2WΠγ , (6.68)
where sW (cW ) is the sin(cos) of the weak mixing angle θW , Qf and T
3
f are the charge and the
z-component of the weak isospin of a fermion, respectively, and cZ−1 = 1/2 − s2W , cZ1 = −s2W .
Since at tree-level there cannot be any absorptive phases, CP-violating asymmetries only of
the TN -odd type are expected to occur in Σ−(j)f . Note that in the tt¯Z case there is also a CP-odd,
TN -even piece, b
H
t c
HIm(ΠH)× F 2(+)−(j)tt¯Z (see Eq. 6.62), in the DCS. However, being proportional
to the absorptive part coming from the Higgs propagator, it is not a pure tree-level quantity.
Simple examples of observables that can trace the tree-level CP-odd effect in e+e− → tt¯h; tt¯Z
are [55]:
O =
~p− · (~pt × ~pt¯)
s3/2
, Oopt(tt¯h) =
Σ−(j)tt¯h
Σ+(j)tt¯h
; Oopt(tt¯Z) =
Σ−(j)tt¯Z
Σ+(j)tt¯Z
. (6.69)
Here Oopt(tt¯h; tt¯Z) are optimal observables in the sense that the statistical error in the measured
asymmetry is minimized [16]. Note also that only the TN -odd part of Σ−(j)tt¯Z is involved.
As mentioned before, since the final state consists of three particles, using only the available
momenta, there is a unique antisymmetric combination of momenta that can be formed. Thus,
both observables are proportional to ǫ(p−, p+, pt, pt¯). Furthermore, Oopt(tt¯h; tt¯Z) are related to
O through a multiplication by a CP-even function. In the following we focus only on the CP-odd
effects coming from the optimal observables. We remark, however, that the results for the simple
observable O exhibit the same behavior, though slightly smaller then those for Oopt.
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The theoretical statistical significance, NSD, in which an asymmetry can be measured in an
ideal experiment is NSD = A
√
L
√
σ (σ = σtt¯h, σtt¯Z for the tt¯h, tt¯Z final states, respectively),
where for the observables O and Oopt, the CP-odd quantity A, defined above, is
AO ≈ 〈O〉/
√
〈O2〉 , Aopt ≈
√
〈Oopt〉 . (6.70)
Also, L is the effective luminosity for fully reconstructed tt¯h or tt¯Z events. In particular, we
take L = ǫL, where L is the total yearly integrated luminosity and ǫ is the overall efficiency for
reconstruction of the tt¯h or tt¯Z final states.
In the following numerical analysis we have used set II defined before for the angles α1,2,3,
i.e., {α1, α2, α3} = {π/2, π/4, 0} 22. Figs. 30(a) and 30(b) show the expected asymmetry and
statistical significance in the unpolarized case, corresponding to Oopt in Model II for the tt¯h and
tt¯Z final states, respectively. The asymmetry is plotted as a function of the mass of the light
Higgs (mh) where again, mH = 750 GeV in the tt¯Z case. We plot NSD/
√
L, thus scaling out the
luminosity factor from the theoretical prediction 23.
We remark that set II corresponds to the largest CP effect, though not unique since we
are dealing with angles, i.e., α1,2,3, which may be rotated by π or π/2 leaving the relevant
combinations of angles with the same value (e.g., bht ∝ sinα1 sinα2). In the tt¯h case tan β = 0.5
is favored, however, the effect mildly depends on tan β in the range 0.3 ∼< tan β ∼< 1 [55, 185].
In the tt¯Z case, the effect is practically insensitive to α3 and is roughly proportional to 1/ tan β,
it therefore drops as tan β is increased. Nonetheless, we find that NSD/
√
L > 0.1, even in the
unpolarized case for tan β ∼< 0.6 [184, 185]; note that NSD/
√
L here is dimensionless if L is in
fb−1.
From Fig. 30(a) we see that, in the tt¯h case, as mh grows the asymmetry increases while the
statistical significance drops, in part because of the decrease in the cross-section. Evidently, the
asymmetry can become quite large; it ranges from ∼ 15%, for mh ∼< 100 GeV, to ∼ 35% for
mh ∼ 600 GeV. Indeed, the CP-effect is more significant for smaller masses of h, wherein Aopt is
smaller. In contrast, Fig. 30(b) shows that, in the tt¯Z case, Aopt stays roughly fixed at around
7 − 8% for mh ∼< 2mt, and then drops till it totally vanishes at mh = mH = 750 GeV, due to
the “GIM-like” mechanism discussed above. The scaled statistical significance NSD/
√
L behaves
roughly as Aopt. That is, NSD/
√
L ≈ 0.1–0.2 in the mass range 50 GeV ∼< mh ∼< 350 GeV, for
both
√
s = 1 and 1.5 TeV.
Figs. 31(a) and 31(b) show the dependence of Aopt and NSD/
√
L on the c.m. energy,
√
s,
for the tt¯h and tt¯Z cases, respectively. We see that, in the case of tt¯h, the CP-effect peaks at√
s ≈ 1.1(1.5) TeV for mh = 100(360) GeV and stays roughly the same as
√
s is further increased
to 2 TeV. In the case of tt¯Z, the statistical significance is maximal at around
√
s ≈ 1 TeV and
then decreases slowly as
√
s grows for both mh = 100 and 360 GeV. Contrary to the tt¯h case,
where a light h is favored, in the tt¯Z case, the effect is best for mh ∼> 2mt. In that range, on-shell
Z and h are produced followed by the h decay h→ tt¯, thus, the Higgs exchange diagram becomes
more dominant.
In Tables 7 and 8 we present NSD for Oopt, for the tt¯h and tt¯Z cases, respectively, in Model II
with set II, and we also compare the effect of beam polarization with the unpolarized case.
As before, we take tan β = 0.5 and tan β = 0.3 for the tt¯h and tt¯Z cases, respectively, where
for the tt¯Z case we present numbers for both mH = 750 GeV (shown in the parentheses) and
mH = 1 TeV, to demonstrate the sensitivity of the CP-effect to the mass of the heavy Higgs. For
illustrative purposes, we choose mh = 100, 160 and 360 GeV and show the numbers for
√
s = 1
TeV with L = 200 [fb]−1 and for √s = 1.5 TeV with L = 500 [fb]−1 (see [192]). In both cases we
take ǫ = 0.5 assuming that there is no loss of luminosity when the electrons are polarized.24
22Recall that for the tt¯h final state we choose tanβ = 0.5 while for the tt¯Z final state we take tan β = 0.3
23as a reference value, we note that for L = 100 fb−1, NSD/
√
L = 0.1 will correspond to a 1-σ effect
24Clearly if the efficiency for tt¯h and/or tt¯Z reconstruction is ǫ = 0.25, then our numbers would correspondingly
require 2 years of running.
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Evidently, for both reactions, left polarized incoming electrons can probe CP violation slightly
better than unpolarized ones. We see that in the tt¯h case the CP-violating effect drops as the
mass of the light Higgs (h) grows, while in the tt¯Z case it grows with mh. In particular, we
find that with
√
s = 1.5 TeV and for mh ∼> 2mt the effect is comparable for both the tt¯h and
the tt¯Z cases where it reaches above 3-σ for negatively polarized electrons. With a light Higgs
mass in the range 100 GeV ∼< mh ∼< 160 GeV, the tt¯h case is more sensitive to Oopt and the
CP-violating effect can reach ∼ 4-σ for left polarized electrons. In that light Higgs mass range,
the CP-violating effect reaches slightly below 2.5-σ for the tt¯Z case. For a c.m. energy of
√
s = 1
TeV and mh = 360 GeV, the tt¯Z case is much more sensitive to Oopt and the effect can reach
2.2-σ for left polarized electron beam. However, with that c.m. energy, the tt¯h mode gives a
larger CP-odd effect in the range mh ∼ 100 − 160 GeV.
Table 7: The statistical significance, NSD, in which the CP-nonconserving effects in e
+e− → tt¯h
can be detected in one year of running of a future high energy collider with either unpolarized or
polarized incoming electron beam. We have used tan β = 0.5, a yearly integrated luminosity of
L = 200 and 500 [fb]−1 for √s = 1 and 1.5 TeV, respectively, and an efficiency reconstruction
factor of ǫ = 0.5 for both energies. Recall that j = 1(−1) stands for right(left) polarized electrons.
Set II means {α1, α2, α3} ≡ {π/2, π/4, 0}. Table taken from [185].
e+e− → tt¯h (Model II with Set II)√
s j Oopt
(TeV) ⇓ (GeV)⇒ mh = 100 mh = 160 mh = 360
-1 2.2 2.0 1.1
1 unpol 2.0 1.9 1.0
1 1.8 1.7 0.9
-1 4.0 3.9 3.2
1.5 unpol 3.6 3.5 2.9
1 3.2 3.1 2.6
Table 8: The same as Table 7 but for e+e− → tt¯Z, with tan β = 0.3. In this reaction, effects of
the heavy Higgs, H, are included and NSD is given for both mH = 750 GeV (in parentheses) and
mH = 1 TeV. Table taken from [185].
e+e− → tt¯Z (Model II with Set II)√
s j Oopt
(TeV) ⇓ (GeV)⇒ mh = 100 mh = 160 mh = 360
-1 (1.8) 1.7 (1.8) 1.8 (2.2) 2.2
1 unpol (1.6) 1.6 (1.7) 1.6 (2.0) 2.0
1 (1.5) 1.5 (1.5) 1.5 (1.8) 1.8
-1 (2.3) 2.9 (2.4) 3.0 (2.8) 3.3
1.5 unpol (2.1) 2.6 (2.1) 2.7 (2.5) 3.0
1 (1.8) 2.3 (1.8) 2.3 (2.1) 2.6
Let us now summarize the above results and add some concluding remarks. We have shown
that an extremely interesting CP-odd signal may arise at tree-level in the reactions e+e− → tt¯h
and e+e− → tt¯Z. The asymmetries that were found are ∼ 15%–35% in the tt¯h case and ∼ 5%–
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10% for the tt¯Z final state. These asymmetries may give rise in the best cases, i.e., for a favorable
set of the relevant 2HDM parameters, to ∼ 3 − 4-σ, CP-odd, signals in a future e+e− collider
running with c.m. energies in the range 1 TeV ∼<
√
s ∼< 2 TeV.
Note, however, that the simple observable, O, as well as the optimal one, Oopt, require the
identification of the t and t¯ and the knowledge of the transverse components of their momenta
in each tt¯h or tt¯Z event. Thus, for the main top decay, t → bW , the most suitable scenario is
when either the t or the t¯ decays leptonically and the other decays hadronically. Distinguishing
between t and t¯ in the double-hadronic decay case will require more effort and still remains an
experimental challenge. If, for example, the identification of the charge of the b-jets coming
from the t and the t¯ is possible, then the difficulty in reconstructing the transverse components
of the t and t¯ momenta may be surmountable by using the momenta of the decay products in
the processes e+e− → tt¯h → bW+b¯W−h and e+e− → tt¯Z → bW+b¯W−Z. For example, the
observable
Ob =
ǫ(p−, p+, pb, pb¯)
s2
, (6.71)
may then be used. We have considered this observable for the reaction e+e− → tt¯h→ bW+b¯W−h
in [55]. We found there that, close to threshold, this observable is not very effective. However,
at higher energies, Ob is about as sensitive as the simple triple product correlation O defined in
Eq. 6.69 and, therefore, only slightly less sensitive then Oopt.
Note also that for the light Higgs mass, mh = 100 GeV, the most suitable way to detect the
Higgs in e+e− → tt¯h → bW+b¯W−h is via h → bb¯ with branching ratio ∼ 1. For mh ∼> 2mt,
and specifically with set II used above, there are two competing Higgs decays, h → tt¯ and
h→W+W−, depending on the value of tan β. For example, for tan β = 0.5, as was chosen above,
one has Br(h→ tt¯) ≈ 0.77 and Br(h→W+W−) ≈ 0.17, thus, the h→ tt¯ mode is more suitable.
Of course, h → tt¯ will dominate more for smaller values of tan β and less if tan β > 0.5. In
particular, for tan β = 0.3(1) one has Br(h→ tt¯) ≈ 0.89(0.57) and Br(h→W+W−) ≈ 0.08(0.32).
Finally, as emphasized before, the final states tt¯h and tt¯Z, in particular the tt¯h, are expected
to be the center of considerable attention at a linear collider. Extensive studies of these reactions
are expected to teach us about the details of the couplings of the neutral Higgs to the top
quark [193]. Thus, it is gratifying that the same final states promise to exhibit interesting
effects of CP violation. It would be very instructive to examine the effects in other extended
models. Numbers emerging from the 2HDM that was used, especially with the specific value
of the parameters, should be viewed as illustrative examples. The important point is that the
reactions e+e− → tt¯h→ bW+b¯W−h and e+e− → tt¯Z → bW+b¯W−Z appear to be very powerful
and very clean tools for extracting valuable information on the parameters of the underlying
model for CP violation.
6.2.2 Generalized optimization technique and extraction of various Higgs couplings
An optimization technique was employed by Gunion et al. in [51] for the process e+e− → tt¯h. It
was shown that this reaction may provide a powerful tool for extracting the tt¯h Yukawa couplings
and the ZZh couplings. A similar analysis for the reaction e+e− → tt¯Z was likewise considered
in [186]. This technique is outlined in section 2.6. The basic idea is that the nature of the Higgs
particle, i.e., whether it is CP-odd or CP-even, may well be distinguishable through studies
of momentum correlations in e+e− → tt¯h. In particular, greater information on the detailed
dependence of Σ(j)tt¯h(Φ) on the variable Φ is extracted to deduce limits that can be obtained
on the different Higgs couplings combinations in Eqs. 6.58 and 6.61. As described before, the
differential e+e− → tt¯h cross-section contains five distinct terms which are explicitly written in
Eqs. 6.58 and 6.61. The only CP-violating component is bht c
h, while the others enter into the
total cross-section as in Eq. 6.63.
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Gunion et al. have investigated two issues. For a given c.m. energy and integrated luminosity
at the NLC, they have examined:
1. The 1-σ error in the determination of the couplings aht , b
h
t , c
h, by fixing χ2(tt¯h) = 1 for a
given input model with couplings g
0,i(n)
±tt¯h .
2. To what degree of statistical significance can a model be ruled out, given a certain input
model.
Let us now elaborate more on how these two points were studied in [51]. With the optimal
technique outlined in [51], Gunion et al. used unique weighting functions such that the statistical
error in the determination of the various g
i(n)
±tt¯h in Eqs. 6.58 and 6.61 is minimized. They write
g
i(n)
±tt¯h =
∑
k
M−1ik Ik , (6.72)
where Ik, Mik and the appropriate weighting functions are given in [51] (see also section 2.6).
Then, given an input model, for which the couplings are denoted with the superscript 0 as g
0,i(n)
±tt¯h ,
one can compute the confidence level at which parameters of choice, different from the input
model, can be ruled out
χ2(tt¯h) =
5∑
i,j=1
(
g
i(n)
±tt¯h − g
0,i(n)
±tt¯h
)(
g
j(n)
±tt¯h − g
0,j(n)
±tt¯h
)
V −1ij , (6.73)
where
Vij ≡< ∆gi(n)±tt¯h∆g
j(n)
±tt¯h >=
M−1ij σtt¯h
Ntt¯h
, (6.74)
is the covariance matrix. Ntt¯h = Lσtt¯h is the total number of tt¯h events, with L the effective
luminosity defined previously (after the efficiency factor, ǫ, is included). Therefore, the sensitivity
of χ2(tt¯h) to the couplings aht , b
h
t , c
h is determined by the covariance matrix directly.
Three input models were considered in [51]. These correspond to different choices of the set
of parameters aht , b
h
t and c
h (see Eqs. 3.70 and 3.71 in section 3.2.3), as follows:
(I) A SM neutral Higgs, with aht = 1/
√
2, bht = 0, c
h = 1.
(II) A pure CP-odd neutral Higgs, with aht = 0, b
h
t = 1/
√
2, ch = 0.
(III) A CP-mixed neutral Higgs, with aht = b
h
t = 1/2, c
h = 1/
√
2.
Given the couplings g
0,j(n)
±tt¯h in the above input models, they calculated χ
2(tt¯h) as a function of
the location in aht , b
h
t , c
h parameter space, from which the 1-σ error in any one of these parameters
was determined. Their results are shown in Table 9.
We see that aht is well determined in all input models; in input models I and III, where a
h
t 6= 0,
the 1-σ error is at the few percent level. In the same manner, bht is best determined in input model
II, where ∆b ≈ 10–15%, at 1-σ. The error in ch is above the 50% level in all three input models.
However, this can be improved by considering the reaction at hand, i.e., e+e− → tt¯h, combined
with information extracted from the e+e− → Zh cross-section as was done in [189]. Assuming real
Higgs production and disregarding the subsequent h decay in the reaction e+e− → Zh, the cross-
section σ(e+e− → Zh) contains one useful Higgs coupling combination, g3(+)+tt¯h = (ch)2. Therefore,
the sensitivity to (ch)2 is increased when the above technique is also applied to σ(e+e− → Zh).
Let us continue with a discussion of the work of Ref. [51] in which only the tt¯h final state
was considered. The ability to distinguish between different models was furthermore investigated
by using the optimization technique. This is shown in Table 10. We see from this table, for
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Table 9: The 1-σ errors in aht , b
h
t , and c
h are given, for the three Higgs coupling cases I, II and
III. Results are given for unpolarized beams and for 100% negative e− polarization (Pe = −1)
also
√
s = 1 TeV, mh = 100 GeV, mt = 176 GeV and L = 50 fb
−1. Table taken from [51].
Unpolarized e− Pe = −1
Case aht ±∆aht bht ±∆bht ch ±∆ch aht ±∆aht bht ±∆bht ch ±∆ch
I 1√
2
+0.030
−0.047 0
+0.76
−0.76 1
+0.51
−0.82
1√
2
+0.026
−0.040 0
+0.70
−0.70 1
+0.51
−0.77
II 0+0.19−0.19
1√
2
+0.066
−0.099 0
+0.58
−0.58 0
+0.18
−0.18
1√
2
+0.056
−0.085 0
+0.55
−0.55
III 12
+0.053
−0.062
1
2
+0.22
−0.44
1√
2
+0.57
−0.80
1
2
+0.047
−0.052
1
2
+0.19
−0.33
1√
2
+0.56
−0.73
Table 10: The number of standard deviations,
√
χ2, at which a given input model (I, II or III)
can be distinguished from the other two models, are tabulated, for
√
s,mh,mt and L as in Table 9.
Table taken from [51].
Unpolarized e− Pe = −1
Trial Model Trial Model
Input Model I II III I II III
I - 9.5 4.8 - 11 5.5
II 34 - 17 40 - 20
III 6.3 6.3 - 7.3 7.3 -
example, that if the Higgs is the SM one, then the pure CP-odd case (input model II) and the
equal CP-mixture case (input model III) are ruled out at the 9.5-σ and 4.8-σ level, respectively.
Note also that negative beam polarization slightly improves the results.
Finally, the ability for determining a non-zero CP-violating component, bht c
h, was also inves-
tigated in [51]. They found that with mh = 100 GeV, L = 100 fb
−1 25, a non-zero bht ch coupling
can be established at a level better then 1-σ in a 1 TeV e+e− collider.
6.2.3 CP asymmetries in e+e− → Zh and in the subsequent Higgs decay h→ tt¯
We now consider the process e+e− → Zh followed by h → tt¯. As we have discussed above, in
general, one cannot ignore the SM-like diagrams of class (a) on the right hand side of Fig. 28
when analyzing CP violation in the reaction e+e− → tt¯Z. Moreover, inclusion of those diagrams
and interfering them with diagram (b) on the right hand side of Fig. 28, gives a bonus in the
appearance of tree-level CP violation in e+e− → tt¯Z. However, let us assume that the Higgs has
already been discovered, with a mass of mh > 2mt, by the time a high energy e
+e− collider starts
its first run. In such a scenario, one should in principle be able to separate the contribution of
the Higgs exchange graph in e+e− → tt¯Z from the rest of the SM-like diagrams which lead to the
same final state, by imposing a suitable cut on the invariant tt¯ mass. Taking this viewpoint, we
will consider Higgs production via e+e− → hZ and CP violation in the subsequent Higgs decay
25this is the value considered by us in the previous section 6.2.1 for which the results in Tables 7 and 8 are given
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h→ tt¯.
A general method for tracing CP-odd and CP-even t, t¯ spin-correlations, in h → tt¯, was
introduced in [194]. There, it was assumed that an on-shell Higgs, with mh > 2mt, is produced
through, for example, e+e− → Zh, ℓ+ℓ−h or even µ+µ− → h, and that its rest system can be
reconstructed. In [195], a helicity asymmetry in h → tt¯ was suggested, where e+e− → Zh was
explicitly assumed as the Higgs production mechanism. We will describe below these two works.
Other related works can be found in [57, 196, 197, 198, 199, 200, 201, 202].
In the method suggested in [194], the decay h → tt¯ stands out as an independent decay
process, in which top spin-asymmetries can be formed. Consider, for example, the observables
S1 = kˆt · (st − st¯) , (6.75)
S2 = kˆt · (st × st¯) , (6.76)
S3 = st · st¯ , (6.77)
where st(st¯) is the spin operator of t(t¯) and kt is the top quark 3-momentum in the tt¯ c.m. frame.
S1 and S2 are CP-odd, where S1 is TN -even and S2 is TN -odd. Therefore, a non-zero expectation
value of S1 will also require absorptive parts, while < S2 > 6= 0 can be generated already at the
tree-level. S3 is CP-even and is also generated at the lowest order (i.e., tree-level). For a general
tt¯h Yukawa interaction Lagrangian as in Eq. 3.70, it was found in [194] that the spin-asymmetries,
S1,2,3 in Eqs. 6.75–6.77, depend only on one combination of the couplings aht and bht
rt =
bht
aht + b
h
t
, (6.78)
which takes values between 0 to 1, i.e., 0 ≤ rt ≤ 1, where the lower limit corresponds to bht = 0
and the upper one to aht = 0.
These observables can be translated to correlations between momenta of the t and t¯ decay
products. To do so, one can define decay scenarios of the t and t¯, through which both the t and
t¯ momenta and spins can be reconstructed in the most efficient way [194]:
A :
{
t→W+ + b→ ℓ+ + νℓ + b
t¯→W− + b¯→ q + q¯′ + b¯ . (6.79)
The sample A¯ is defined by the charge conjugate decay channels of the tt¯ pairs
A¯ :
{
t→W+ + b→ q¯ + q′ + b
t¯→W− + b¯→ ℓ− + ν¯ℓ + b¯ . (6.80)
In these decay samples, either the t or t¯ decays leptonically while the other decays hadronically.
Each of these samples has a branching fraction of about 2/9 of all tt¯ pairs.
With these decay scenarios Ref. [194] found the momentum correlations O1,2,3 which trace
the spin correlations S1,2,3, respectively,
〈O1 〉 = 〈 kˆt · pˆ∗ℓ+ 〉A + 〈 kˆt · pˆ∗ℓ− 〉A¯ =
2
3
〈 S1 〉 , (6.81)
〈O2 〉 = 〈 kˆt · (pˆ∗ℓ+× pˆ∗¯b) 〉A − 〈 kˆt · (pˆ∗ℓ− × pˆ∗b) 〉A¯ =
8
9
(
1− 2x
1 + 2x
)
〈 S2 〉 ,
(6.82)
〈O3 〉 = 〈 pˆ∗ℓ+ · pˆ∗¯b 〉A + 〈 pˆ∗ℓ− · pˆ∗b 〉A¯ =
8
9
(
1− 2x
1 + 2x
)
〈 S3 〉 , (6.83)
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where pˆ∗ℓ+(pˆ
∗
ℓ−) is the flight direction of ℓ
+(ℓ−) in the t(t¯) quark rest system. Similarly, pˆ∗b(pˆ
∗¯
b
)
is the unit momentum of the b(b¯) in the t(t¯) rest system. Also, x ≡ m2W/m2t and the factor
(1− 2x)/(1 + 2x) ≈ 0.41 measures the spin analyzing quality of the b(b¯) (see section 2.8).
The number N1,2,3tt¯ of h→ tt¯ events that is required to establish a nonzero correlation 〈O1,2,3 〉
at the NSD - standard deviations - significance level are given by
N1,2,3tt¯ =
N2SD
Br(A)×A21,2,3
, (6.84)
where
A1,2,3 =
〈O1,2,3 〉√
〈O21,2,3 〉
, (6.85)
and Br(A) = Br(A¯) is the branching ratio of the decay samplesA or A¯. In particular, disregarding
the τ leptons we have Br(A) = 4/27. The number of events needed for a 3-σ (i.e., NSD = 3)
observation of the spin-correlations, S1,2,3, of Eqs. 6.75–6.77 are given in Fig. 32, for mh = 400
GeV, Br(A) = 4/27 and as a function of the parameter rt defined in Eq. 6.78. These can be
simply obtained from N1,2,3tt¯ in Eq. 6.84, by using the relations between O1,2,3 and S1,2,3 given in
Eqs. 6.81–6.83.
It should be noted again that, while O2,3 are non-zero already at the tree-level, O1, being
TN -even, requires an absorptive phase and, therefore, its non-zero contribution first arises only at
the 1-loop level in perturbation theory. Thus, O1 is expected to be less effective (as can be seen
from Fig. 32). In [194] the 1-loop QCD corrections to O1,2,3 were computed. For the operators,
O2,3, the QCD corrections were found to be of the order of a few percent compared to the leading
tree-level contribution, and were therefore neglected.
We see from Fig. 32 that, for example, values of rt in the range, 0.18 ∼< rt ∼< 0.52, would give
rise to a 3-σ CP-odd effect in O2 with a data sample of N2tt¯ ≈ 1500, i.e., ∼ 1500 (h→ tt¯) events.
Note also that a simultaneous measurement of O2 and O3, with these ∼ 1500 events, would have
a 3-σ sensitivity to rt from 0.18 to its maximal value of 1. Furthermore, production of a few
thousands of h→ tt¯ events through the Bjorken mechanism, e+e− → hZ, is indeed feasible. For
example, if a CP-mixed neutral Higgs (with both scalar and pseudoscalar couplings aht and b
h
t )
with a mass mh = 400 GeV, has a ZZh coupling c
h of a SM strength, then the cross-section for
e+e− → hZ is of the order of a few fb’s for e+e− c.m. energies in the range 500 GeV ∼<
√
s ∼< 1000
GeV.26 Therefore, with a yearly integrated luminosity of L ∼ 102 fb−1, hundreds of hZ pairs can
be produced and, thus, a ∼ 2-σ limit on rt may be achievable.
An interesting CP-violating helicity asymmetry in h→ tt¯ was suggested in [195]:
Ohtt =
Γ(++)− Γ(−−)
Γ(++) + Γ(++)
, (6.86)
where Γ(++) and Γ(−−) are the decay widths of the lightest Higgs-boson h, into a pair of tt¯
with the indicated helicities. Since under CP: (++) ↔ (−−), non-zero Ohtt would be a signal of
CP violation.
Ohtt is CP-odd but TN -even, therefore, it requires a CP-odd as well as a CP-even absorptive
phase (i.e., FSI phase). As mentioned several times before, in a 2HDM with a CP-mixed neutral
Higgs, the CP-odd phase is provided by the simultaneous presence of the scalar and pseudoscalar
tt¯h couplings in the tt¯h interaction Lagrangian. The FSI absorptive phase is generated at the
1-loop level from the diagrams in Fig. 33. The expressions for the different contributions to Ohtt
corresponding to the different diagrams in Fig. 33 are given in [195]. There, it was found that
with mt = 180 GeV and mh ∼> 2mt, Ohtt of the order of 50% is possible. Explicitly, assuming the
26The cross-section for e+e− → hZ is given, for example, in [61]. With mh = 400 GeV and for ch = 1, i.e., the
SM ZZh coupling, σ(e+e− → hZ) ∼ 3.5(8.5) fb for √s = 500(1000) GeV.
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Higgs to be produced through the Bjorken mechanism, e+e− → hZ, the statistical significance,
NSD, with which this asymmetry can potentially be detected is
NSD =
√
L
√
σ(e+e− → hZ)×Ohtt . (6.87)
In [195] an effective integrated luminosity of L = 85 fb−1 was assumed and a scan for maximal
NSD was performed as a function of the 2HDM parameters tan β and α1,2,3. It was found that
with tan β = 0.5, for example, and with mt = 180 GeV, mh ∼> 2mt, up to a 7-σ detection of
a CP-violating signal from Ohtt is feasible, if the Higgs is produced via e+e− → hZ. It should
be emphasized, however, that there is a potential background to the tt¯ pairs (coming from the
subsequent Higgs decay in e+e− → hZ) from the SM-like diagrams included in Fig. 28. Therefore,
as mentioned before, in order for such a study to be practical one has to know the mass of the
Higgs prior to the actual experiment and, with a sufficient mass resolution, demand that the
invariant tt¯ mass reconstructs the Higgs.
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Figure 29: The cross-sections (in fb) for: (a) the reaction e+e− → tt¯h with tan β = 0.5 and (b)
the reaction e+e− → tt¯Z with tan β = 0.3, assuming unpolarized electron and positron beams,
for Model II with set II and as a function of mh (solid and dashed lines) and
√
s (dotted and
dotted-dashed lines). Set II means {α1, α2, α3} ≡ {π/2, π/4, 0}. Figure taken from [185].
141
50 150 250 350 450 550 650
mh (GeV)
 0.0
 0.1
 0.2
 0.3
 0.4
 0.5
Aopt, s=1 TeV
Aopt, s=1.5 TeV
NSD/L1/2, s=1 TeV
NSD/L1/2, s=1.5 TeV
(a)
50 150 250 350 450 550 650 750
mh (GeV)
 0.0
 0.1
 0.2
 0.3
 0.4
Aopt, s=1 TeV
Aopt, s=1.5 TeV
NSD/L1/2, s=1 TeV
NSD/L1/2, s=1.5 TeV
(b)
Figure 30: The asymmetry, Aopt, and scaled statistical significance, NSD/
√
L, for the optimal
observable Oopt for: (a) the reaction e
+e− → tt¯h with tan β = 0.5 and (b) the reaction e+e− →
tt¯Z with tan β = 0.3, as a function of the light Higgs mass mh, for
√
s = 1 TeV and 1.5 TeV.
All graphs are with set II of the parameters, as in Fig. 29, figure taken from [185].
142
500 750 1000 1250 1500 1750 2000
s1/2 (GeV)
 0.0
 0.1
 0.2
 0.3
 0.4
 0.5
Aopt, mh=100 GeV
Aopt, mh=360 GeV
NSD/L1/2, mh=100 GeV
NSD/L1/2, mh=360 GeV
(a)
500 750 1000 1250 1500 1750 2000
s1/2 (GeV)
 0.0
 0.1
 0.2
 0.3
 0.4
Aopt, mh=100 GeV
Aopt, mh=360 GeV
NSD/L1/2, mh=100 GeV
NSD/L1/2, mh=360 GeV
(b)
Figure 31: The asymmetry, Aopt, and scaled statistical significance, NSD/
√
L, for the optimal
observable Oopt for: (a) the reaction e
+e− → tt¯h with tan β = 0.5 and (b) the reaction e+e− →
tt¯Z with tan β = 0.3, as a function of the c.m. energy
√
s, for mh = 100 GeV and mh = 360
GeV. All graphs are with set II of the parameters, as in Fig. 29. Figure taken from [185].
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Figure 32: Number of events h → tt¯ to establish a non-zero correlation 〈 S1,2,3 〉 with 3 standard
deviation significance, as a function of rt (see Eq. 6.78) and for a fixed Higgs mass of mh = 400
GeV. The dashed line represents the result for N1tt¯, the solid line is the result for N
2
tt¯ and the
dotted line is the result for N3tt¯. mt = 175 GeV, figure taken from [194].
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Figure 33: The 1-loop diagrams contributing to the asymmetry Ohtt in a 2HDM.
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6.3 e+e− → tt¯g
Given the importance of the top pair production at the NLC, it should be clear that the associated
gluon emission will also receive considerable attention. Of course, the gluons will be radiated
off top quarks quite readily once the threshold for top pair production will be reached. One
important advantage of the reaction e+e− → tt¯g is that it is rich in exhibiting several different
types of CP asymmetries which can be driven by 1-loop effects induced by extensions of the SM.
For example, exchanges of neutral Higgs from MHDM’s with CP violation in the scalar sector,
or exchanges of SUSY particles which carry a CP-odd phase in their interaction vertices, could
give rise to both TN -odd and TN -even type CP-violating dynamics. Therefore, both CP-odd,
TN -odd and CP-odd, TN -even type observables can be used to extract information on the real
and imaginary parts of the amplitude. With three particles in the final state there are enough
linearly independent momenta available so that the construction of CP-odd, TN -odd observables
is straightforward; there is no need to involve the spins of the top.
Following our work in [203], we give below the full analytical formulae of the tree-level DCS
(Differential Cross-Section) as well as a description for extracting the 1-loop CP-violating DCS
that can be used for any given model. The SM tree-level diagrams, are depicted in Fig. 34.
The incoming polarized electron-positron current can be written as
Jµ(j)e = v¯e(p+)γ
µPjue(p−) , (6.88)
where Pj =
1
2(1+j×γ5) and j = −1(1) for left (right) handed incoming electrons. p+(p−) are the
4-momentum of the positron (electron) and p = (p+ + p−) is the 4-momentum of the s-channel
gauge-boson (the contribution from an s-channel Higgs vanishes for me → 0).
We also define the following constants
CZ = (4πα)
2c2W s
2
W
T agsΠZC
e
j , Cγ = (4πα)T agsΠγQq , (6.89)
where T a is the appropriate SU(3) generator, gs is the strong coupling constant, Qq is the charge of
the quark and cW (sW ) stands for cos θW (sin θW ), respectively. Also C
e
j = C
e
L(C
e
R) for j = −1(1)
with CfL = −2If3 +2Qfs2W and CfR = 2Qfs2W . ΠZ and Πγ are the gauge-boson propagators given
by
Πγ =
1
p2
, ΠZ =
1
p2 −m2Z
. (6.90)
Then the tree-level matrix element is given by
M0 ≡Ma1 +Ma2 +Mb1 +Mb2 , (6.91)
where Ma1,Ma2,Mb1 and Mb2 are obtained from diagrams (a1), (a2), (b1) and (b2) in Fig. 34,
respectively, all emanating from the SM. We thus get
M0 = 1
2
Jµ(j)e u¯(pq)
{
CZ
[
ΠqT(a1)µ −Πq¯T(a2)µ
]
+
2Cγ
[
Πq¯T(b1)µ −ΠqT(b2)µ
]}
v(pq¯) . (6.92)
Here pq(pq¯) is the 4-momentum of the outgoing quark (anti-quark), pg is the gluon’s 4-momentum
and the quark and anti-quark propagators are given by
Πq =
1
2pq · pg , Πq¯ =
1
2pq¯ · pg . (6.93)
Furthermore, the hadronic vector elements in Eq. 6.92 are
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T(a1)µ = 6 η(p/q + p/g +mq)γµC+LR , (6.94)
T(a2)µ = γµC
+
LR(p/q¯ + p/g −mq) 6 η , (6.95)
T(b1)µ = T(a1)µ(C
+
LR → 1) , (6.96)
T(b2)µ = T(a2)µ(C
+
LR → 1) , (6.97)
ηα being the polarization vector of the gluon and C
+
LR = C
q
LL+C
q
RR, where L(R) = Pj=−1(Pj=1).
In Fig. 35 we have plotted the tree-level cross-section as a function of the c.m. energy in an
e+e− collider for polarized and unpolarized incoming electron beam. To facilitate experimental
identification as well as to avoid infrared singularities we have imposed a cut on the invariant
mass of the jet pairs so that (pg+pt)
2 and (pg+pt¯)
2 ≥ (mt+m0)2 where we have taken m0 = 25
GeV. This cut, which effectively cuts the gluon energy, also removes soft gluon emission from the
secondary b-quarks of the top decays. We see from Fig. 35 that with an integrated luminosity
of L ∼ 200 fb−1, a 1 TeV (500 GeV) e+e− collider will be able to produce about ∼ 3 × 104
(∼ 1× 104) tt¯g events.
In a given model, the CP-violating corrections for the reaction
e−(p−)e+(p+)→ q(pq)q¯(pq¯)g(pg) , (6.98)
requires the calculation of the corresponding 1-loop diagrams. Let us write the general form of
the 1-loop matrix elements that violate CP as Mρσ. For a given underlying model, the subscript
indicates the diagram and the superscript indicates which gauge particle is exchanged in the
s-channel. Thus
Mρσ = Jµ(j)e u¯(pq)Hρσµv(pq¯) , (6.99)
where Hρσµ is the “hadronic vector” corresponding to each diagram and exchanged quanta. De-
noting the complete CP-violating 1-loop contribution by
MV =
∑
ρ
∑
σ
Mρσ , (6.100)
the MV can be calculated within a given model, and the polarized CP-nonconserving DCS to
1-loop is then obtained from the interference terms between the 1-loop and the Born amplitudes∑
(MVM0∗ +M0MV ∗) . (6.101)
Here the sum is carried over the polarizations of e+, t, t¯ and g.
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Figure 34: Tree-level Feynman diagrams contributing to e+e− → tt¯g (for q = t).
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Figure 35: The cross-section for the reaction e+e− → tt¯g (in fb) as a function of the c.m. energy√
s, for unpolarized (solid line), negatively polarized (dotted line) and positively polarized (dashed
line) incoming electron beam. The cuts (pg + pt)
2 ≥ (mt +m0)2 and (pg + pt¯)2 ≥ (mt +m0)2,
m0 = 25 GeV, are imposed. Figure taken from [203].
149
γe
g
e
e+
-
q
q
Z
Z
h
(b)
e
Z,γ
g
e
e+
-
q
q
(a)
q
+
Z,γ
e
e+
-
g
q
h
(f)
q
h
h
(g)
g
h
q
-
g
e
e+
-
q
q
Z
Z
h Z,γ
e
e+
-
q
q
g
(c) (d)
e
e+
-
q
q
Z
Z
h
g
(e)
Z,
Figure 36: CP violating Feynman diagrams contributing to e+e− → qq¯g to 1-loop order in a
2HDM (h is a neutral Higgs-boson). Diagrams with permuted vertices (i.e., q → q¯) are not
shown.
6.3.1 2HDM and CP violation in e+e− → tt¯g
In a 2HDM, CP-violating neutral Higgs exchanges, at 1-loop order, can give rise to the Feynman
diagrams depicted in Fig. 36 [203]. We take the limit me → 0, thus neglecting all the diagrams
that are proportional to the electron mass. This includes any diagram that involves electron
coupling to the Goldstone modes, hence proportional to me.
The relevant Feynman rules for the diagrams in Fig. 36 can be extracted from parts of the
Lagrangian involving the f f¯Hk and ZZHk couplings akf , bkf and ck defined in Eqs. 3.70 and 3.71,
respectively.27 Again, for simplicity, we will consider only one light neutral Higgs, h, assuming
that the remaining two are considerably heavier. Furthermore, for simplicity, whenever necessary
we set the masses (mH) of the remaining two neutral Higgs particles to be 1 TeV, i.e., assume
that they are degenerate.
All the CP-violating terms in the 1-loop amplitudes corresponding to the diagrams in Fig. 36
emerge through interference of the scalar coupling ahq (for a quark q) with the pseudo-scalar
27Recall that Hk stand for any one of the three, i.e., k = 1, 2 or 3, neutral Higgs in a 2HDM.
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coupling bhq in any exchange of a neutral Higgs. In the diagrams where the Higgs exchange is
generated at the ZZh vertex, the CP-violating terms will be proportional to bhq × ch. The CP-
violating 1-loop amplitude can then be calculated (for details see [203]) and the DCS can be
schematically written as
Σ(φ) = Σ0(φ) + Σ
ℜe
1 (φ) + Σ
ℑm
1 (φ) . (6.102)
Here Σ0(φ) is a CP-even piece and Σ1 is a CP-odd piece which is further subdivided into two parts
that depend on the real and imaginary components of the amplitude. Thus, CP-odd, TN -odd
and CP-odd, TN -even effects will emanate from Σ
ℜe
1 (φ) and Σ
ℑm
1 (φ), respectively.
To estimate the CP-violating effects of both the TN -even and TN -odd types, the following
two CP-odd observables were considered in [203] for the reaction e+e− → tt¯g
TN − even : Oi1 ≡ ~p− · (~pt + ~pt¯)
s
, (6.103)
TN − odd : Or1 ≡ ~p− · (~pt × ~pt¯)
s3/2
. (6.104)
A non-vanishing expectation value of any one of these would signal CP violation so that exper-
imental searches for them can be performed without recourse to any model. However, as was
mentioned in section 2.6, within the context of any given model one can also construct optimal
observables i.e., those observables which will be the most sensitive to CP violation effects in that
model [16],
Oiopt ≡ Σℑm1 /Σ0 , Oropt ≡ Σℜe1 /Σ0 , (6.105)
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Figure 37: Number of events (in units of 105) needed to detect CP violation via 〈Oi1〉, 〈Or1〉,
〈Oiopt〉 and 〈Oropt〉 to 1-σ level, as a function of the total beam energy,
√
s, for left-handed
polarized incoming electron beam. mh = 100 GeV, mH = 1 TeV and a
h
t = b
h
t = c
h = 1 are used.
Also, the cuts (pg + pt)
2 ≥ (mt +m0)2 and (pg + pt¯)2 ≥ (mt +m0)2, m0 = 25 GeV, are imposed.
Figure taken from [203].
The number of events needed in order to detect a CP-odd signal at the 1-σ level via each of
the above four CP-violating observables, is shown in Figs. 37 and 38 for mh = 100 and 200 GeV,
respectively. In Fig. 39 we have magnified the range
√
s = 400 − 600 GeV using the same Higgs
masses. In these figures we have focused on the case of left polarized incoming electrons while in
Table 11 we give a brief comparison of the left, right and unpolarized electron beam cases. Also,
the following assumptions are made:
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Figure 38: Same as Fig. 37 except mh = 200 GeV. Figure taken from [203].
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Figure 39: Number of events (in units of 105) needed to detect CP violation via 〈Or1〉 and 〈Oropt〉
to 1-σ level as a function of total beam energy in the range
√
s = 400 − 600 GeV for mH = 1
TeV, mh = 100 and 200 GeV. The rest of the parameters are as in Figs. 37 and 38. Figure taken
from [203].
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1) As mentioned before a cut on the invariant mass of the jet pairs was imposed, so that (pg+pt)
2
and (pg + pt¯)
2 ≥ (mt +m0)2, where we have taken m0 = 25 GeV.
2) The TN -odd observables, being proportional to the dispersive parts of the loop integrals, are
sensitive also to the mass of the two heavier neutral Higgs particles, mH . For simplicity,
we have chosen these two Higgs particles to be degenerate with a mass of 1 TeV.
3) We set the relevant Higgs couplings to unity. That is, aht = b
h
t = c
h = 1 (for q = t) which
serves our purpose of finding the order of magnitude of the CP-odd signal that can arise in
this reaction. In fact, CP violation in e+e− → tt¯g is found to be dominated by the terms
proportional to aht × bht . With regard to that, we note that, for low values of tan β, i.e.,
tan β ∼< 0.5, the product aht ×bht can reach values above ∼ 5 and, therefore, our choice above
of aht × bht = 1 is rather conservative.
Oi1 Or1 Oiopt Oropt√
s j mh =
100
mh =
200
mh =
100
mh =
200
mh =
100
mh =
200
mh =
100
mh =
200
-1 1.8 11.5 0.07 0.05 1.0 6.0 0.05 0.05
400 unpol. 22.5 134.8 0.05 0.05 6.5 37.0 0.05 0.04
1 2.3 17.1 0.05 0.04 1.3 8.4 0.04 0.03
-1 3.4 20.0 2.2 2.1 1.7 5.1 1.9 1.7
700 unpol. 48.6 263.9 2.2 1.9 12.2 38.6 1.8 1.4
1 4.5 30.8 1.9 1.8 2.0 5.9 1.5 1.2
-1 4.0 10.5 14.4 14.1 2.6 4.5 11.6 10.8
1000 unpol. 63.4 158.2 14.3 10.3 20.5 35.3 10.8 8.4
1 5.0 14.0 14.1 10.3 3.1 5.4 10.7 8.3
Table 11: The unpolarized case is compared with left polarization (j = −1) and right polarization
(j = +1) of the e−. The number of events in units of 105 needed for detection of asymmetries,
to 1-σ level are given. The values of
√
s and mh are given in GeV. The results for the TN -odd
observables are given for mH = 1 TeV, where mH is the mass of the two heavy Higgs (see also
text). Table taken from [203].
Summarizing briefly the numerical results presented in Figs. 37–39 and in Table 11, we can
see that for the optimal observable Oiopt, for both a 500 GeV and a 1 TeV e
+e− collider, the
number of needed tt¯g events in order to detect a 1-σ CP-odd signal is comparable and is around
few × 105 with neutral Higgs masses in the range 100 GeV < mh < 200 GeV. With Oropt the
number of needed tt¯g events at c.m. energies around 1 TeV is few × 106. However, we see from
Fig. 39 that, at a c.m. energy of 500 GeV and for 100 GeV < mh < 200 GeV, a 1-σ measurement
of Oropt will require few × 104 tt¯g events. From Table 11 we see that for the TN -even (i.e., Oi1
and Oiopt) cases the polarization makes a significant difference and improves their effectiveness
by about an order of magnitude or even more. For these it seems that the left-polarized case is
marginally better than the right one.
Bearing in mind that with an integrated luminosity of L ∼ 200 fb−1, about ∼ 104 tt¯g will
be produced in a 500 GeV NLC, and few × 104 in a 1 TeV NLC (see Fig. 35), the observability
of a non-vanishing value for Oropt, to the 1-σ level, in a NLC with c.m. energies of 500 GeV is
marginal, while Oiopt falls short by about an order of magnitude. Also, with a 1 TeV NLC that
can produce up to 3 × 104 tt¯g’s a year, the CP-odd signal from Oropt falls short by almost two
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orders of magnitude, while the number of events needed to detect a CP-odd effect through Oiopt
is one order of magnitude away from the expected number of available events in such a collider.
Clearly, although the CP-violating effects driven by neutral Higgs exchanges that were found
in [203] fall short by at least one order of magnitude for a 3-σ detection, this does not rule out
the possibility of larger effects in other extensions of the SM (e.g., SUSY). Therefore, theoretical
and experimental studies of CP violation in the process e+e− → tt¯g may still be worthwhile.
6.3.2 Model independent constraints on top dipole moments
The effects of anomalous EDM (dγt ), ZEDM (d
Z
t ) and CEDM (d
g
t ) couplings of the top quark to
a photon, Z-boson and a gluon, respectively, in e+e− → tt¯g were considered in [204, 205].
Let us write an effective top quark interaction with a neutral gauge-bosons V = γ, Z or g,
which involves the top magnetic and electric dipole moments (see also section 2.5)
LV = igV
2mt
t¯σµνq
ν (κV − iκ˜V γ5) tFµV . (6.106)
Here gγ = gW sW = e, gZ = gW /2cW and gg = gs, where gW (gs) is the weak(strong) coupling
constant, cW ≡ cos θW , q is the gauge-boson 4-momentum, and FV , V = A,Z or G, is the
appropriate gauge field (color index is suppressed). Moreover, in Eq. 6.106 we have introduced the
CP-conserving(violating) dimensionless effective anomalous couplings κV (κ˜V ) of the top quark
to a gauge-boson V = γ, Z or g. Note that κV and κ˜V are related to c
V
t (the magnetic-like dipole
moments) and to dVt (the electric-like dipole moments), defined in Eq. 6.2, via
κV ≡ 2mt
gV
× cVt , (6.107)
κ˜V ≡ 2mt
gV
× dVt , (6.108)
and that κV and κ˜V are, in general, complex. In particular, for the convenience of the reader
we note that κ˜V ∼ 0.1(1) corresponds to a top electric-like dipole moment coupling of dVt ∼
0.55(5.5) × 10−17 gV -cm.
The implications of the effective top couplings in Eq. 6.106 can be studied by either consider-
ing CP-even or CP-odd observables in the reaction e+e− → tt¯g. Of course, it should be clear that
an analysis of CP-even quantities like cross-sections and the shape of the gluon energy spectrum
[204], or CP-even combination of polarization asymmetry [205], can place rather mild constraints
on the absolute values of various EDM’s as only κ˜2V enters into such quantities. Let us summarize
below the limits that can be obtained on the various EDM couplings of Eq. 6.106 by analyzing
the effects of CP-even and CP-odd quantities on the reaction e+e− → tt¯g.
6.3.2a CP-even observables
In [204] it was suggested that the process e+e− → tt¯g can be used to obtain limits on the
anomalous dipole-like couplings of the top to γ, g and Z through the analysis of the associated
gluon energy spectrum.
If the couplings of the top to the neutral gauge-bosons γ, Z and g are altered by the effective
magnetic and electric-like interactions in Eq. 6.106, then by allowing one or more of the different
κV ’s and κ˜V ’s to be non-zero, the shape of the gluon energy spectrum in the process e
+e− → tt¯g
can be modified. In [204], Monte Carlo data samples (assuming that the SM is correct) were
generated and then a fit to the general expressions for the κV − |κ˜V | dependent spectrum were
performed with which a 95% CL allowed region in the κV − |κ˜V | was obtained. This procedure
is done for each gauge-boson separately. That is, in analyzing the limits that can be placed
on the various dipole moment couplings, only one pair of κV , κ˜V corresponding to one neutral
154
gauge-boson, V = γ, Z or g, was allowed to have a non-zero value. As we have mentioned before
the usefulness of the bound on the magnetic moment is rather limited as it receives significant
contribution from QCD.
Summarizing now the limits obtained in [204], Fig. 40 shows the 95% CL allowed region in
the κg−|κ˜g| plane for both a 500 GeV and a 1 TeV e+e− NLC. We see that the CEDM coupling,
κ˜g, can be bounded in a 500 GeV NLC to |κ˜g| ∼< 0.6−0.8. For the CMDM coupling, for whatever
it is worth, the allowed values are κg ∼ ±few × 10−2, with integrated luminosities of 50 − 100
fb−1 and with a cut on the gluon energy of Eg > 25 GeV. In a 1 TeV NLC, the limit on the
CEDM coupling is approximately twice as strong as what can be achieved in a 500 GeV NLC.
It should be noted that in [205] two other CP-even quantities were considered: the cross-
section itself and a CP-even combination of the top and anti-top polarizations. The limits ob-
tained there for the CEDM of the top, κ˜g, are somewhat weaker then those shown in Fig. 40.
In analyzing the anomalous EDM’s of the top to a photon and a Z-boson, the “normalized”
gluon energy distribution was used in [204]:
dR
dz
=
1
σ(e+e− → tt¯)
dσ(e+e− → tt¯g)
dz
, (6.109)
It was then found that the EDM coupling of the top quark to a photon, κ˜γ , can be constrained
at the NLC by studying the reaction e+e− → tt¯g. From Fig. 41(a) we see that at a 500 GeV
NLC with integrated luminosity of 50 fb−1, only long narrow bands around κγ ∼ −1 or 0 are
allowed which then gives |κ˜γ | ∼< 0.4–0.6. In a 1 TeV NLC with integrated luminosity of 100 fb−1,
one circular narrow band between −0.4 ∼< κγ ∼< 0 is allowed giving 0 ∼< |κ˜γ | ∼< 0.2.
The anomalous EDM coupling of the top quark to the Z, κ˜Z , is much less constrained. In
particular, from Fig. 41(b) we see that with a 500 GeV NLC and integrated luminosity of 50
fb−1, 0 ∼< |κ˜Z | ∼< 0.5 is allowed if −0.5 ∼< κZ ∼< 0.1. However, with a 1 TeV NLC and integrated
luminosity of 100 fb−1, the allowed region in the κZ − κ˜Z plane is considerably reduced. Namely,
0 ∼< |κ˜Z | ∼< 0.1 can be achieved if −0.2 ∼< κZ ∼< 0. Also, as was shown in [204], doubling the
integrated luminosity does not increase the sensitivity of the NLC to these anomalous couplings
of the top quark.
To conclude, note that while the process e+e− → tt¯ will presumably be more appropriate for
the exploration of CP-odd effects driven by the top dipole moment couplings to γ and Z (see
section 6.1), the reaction e+e− → tt¯g might be the only place for searching for the CEDM of the
top quark at the NLC. In that sense, an investigation of the effects of κ˜g on CP-odd quantities
in the tt¯g final state at an e+e− collider, is worthwhile. This was done in [205] by constructing
a genuinely CP-odd observable out of the top and anti-top polarizations and is described below.
6.3.2b CP-odd observables
An interesting CP-odd observable was suggested in [205]. This observable involves the top
polarization and is defined as
∆σ(−) = 12
[
σ(↑)− σ(↓) + σ(↑)− σ(↓)
]
, (6.110)
where σ(↑), σ(↑) refer respectively to the cross-sections for top and anti-top with a positive spin
component in its direction of flight, and σ(↓), σ(↓) are the same quantities with a corresponding
negative spin component.
In [205] the sensitivity of ∆σ(−) to the CEDM of the top, κ˜g, was studied. Note that ∆σ(−)
is CP-odd and TN -even and therefore depends on the imaginary parts of the combinations of
couplings ℑm(κ∗gκ˜g) and ℑm(κ˜g) in Eq. 6.106. The 90% CL limits on the values of ℑm(κ∗gκ˜g)
and ℑm(κ˜g) were obtained from [205]:
ǫL
∣∣∣∆σ(−)(κg, κ˜g)−∆σ(−)SM ∣∣∣ = 2.15√L |σSM(↑) + σSM(↑) | . (6.111)
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where in the above expressions, the subscript “SM” denotes the value expected in the standard
model, with κg = κ˜g = 0; ǫ is the top detection efficiency and L is the integrated luminosity.
Eq. 6.111 gives contours in the ℑm(κ∗gκ˜g) - ℑm(κ˜g) plane which are shown in Figs. 42(a)
and 42(b) for c.m. energies of
√
s = 0.5 and 1 TeV, respectively, for an integrated luminosity of
L = 50 fb−1 and for ǫ = 0.1. Also different polarizations of the incoming electron beam, Pe, are
considered in Figs. 42(a), (b). The allowed regions in Figs. 42(a), (b) are the bands lying between
the upper and lower straight lines. We see that the dependence of ∆σ(−) on the electron beam
polarization is rather mild.
It was also suggested in [205] that a measurement of ∆σ(−) at two different c.m. energy may
improve the limits on ℑm(κ∗gκ˜g) and ℑm(κ˜g). This is demonstrated in Fig. 43 where it is shown
that from measurements of ∆σ(−) at
√
s = 0.5 and 1 TeV, the possible limits are
− 0.8 < ℑm(κ∗gκ˜g) < 0.8 , − 11 < ℑm(κ˜g) < 11 . (6.112)
Although dealing with a genuine CP-odd observable, the limits in Eq. 6.112 are still weaker by
about an order of magnitude than those obtained through the study of the gluon jet energy
distribution. Note however, that those limits are placed on the imaginary part of κ˜g while the
limits obtained through the study of the gluon jet energy distribution are set on the absolute
value of the top CEDM.
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Figure 40: 95% CL allowed region in the κg−|κ˜g| (recall that κ˜g ≡ (2mt/gs)×dgt ) plane obtained
from fitting the gluon spectrum. On the left above: Eming =25 GeV at a 500 GeV NLC assuming an
integrated luminosity of 50(solid) or 100(dotted) fb−1. On the right above: for a 1 TeV collider
with Eming = 50 GeV and luminosities of 100(solid) and 200(dotted) fb
−1. Figure taken from
[204].
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Figure 41: 95% CL allowed regions obtained for the anomalous couplings (a) κγ , κ˜γ and (b) κZ , κ˜Z
at a 500(1000) GeV NLC, assuming a luminosity of 50(100) fb−1, lie within the dashed(solid)
curves (recall that κ˜γ ≡ (2mt/e) × dγt and κ˜Z ≡ (2mt/gW /2cW ) × dZt ). The gluon energy range
z ≡ 2Eg/
√
s ≥ 0.1 was used in the fit. Only two anomalous couplings are allowed to be non-zero
at a time. Figure taken from [204].
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Figure 42: ∆σ(−) contour plots in the ℑm(κ∗gκ˜g) (vertical axis)–ℑm(κ˜g) (horizontal axis) plane,
with 90% confidence level at c.m. energies
√
s = 500 GeV (left side) and
√
s = 1000 GeV (right
side), and for different values of the electron beam polarization: Pe = +0.5, 0, −0.5, −1. Figure
taken from [205].
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Figure 43: Intersecting area in the ℑm(κ∗gκ˜g)–ℑm(κ˜g) plane resulting from two independent ∆σ(−)
measurements at
√
s = 500 GeV and
√
s = 1000 GeV. Pe = −1 is used. See also caption to
Fig. 42. Figure taken from [205].
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6.4 CP violation via WW fusion in e+e− → tt¯νeν¯e
At the NLC with a very high c.m. energy, above 1 TeV, the t-channel W+W− fusion subprocesses
W+W− → tt¯, where the two W -bosons are emitted from the initial e+e− beams, starts to
dominate over the simple s-channel production mechanism of a pair of tt¯, i.e., e+e− → γ, Z → tt¯.
As it turns out [206], the reaction
e+e− →W+W−νeν¯e → tt¯νeν¯e, (6.113)
can potentially exhibit large CP-violating phenomena, driven by CP-odd phases in the neutral
Higgs sector in MHDM’s.
To lowest order there are four Feynman graphs, shown in Fig. 44, relevant to the reaction in
Eq. 6.113. Indeed, at large c.m. energies, i.e., as s/m2W becomes very large, the cross-section for
the reaction in Eq. 6.113 is dominated by collisions of longitudinally polarized W ’s and the sub-
processW+W− → tt¯ shown in Fig. 44, when calculated in the Effective W -boson Approximation
[207], serves as a good approximation to the reaction e+e− → tt¯νeν¯e.
The key point here, as suggested in [206], is again to construct CP-odd observables utilizing
the top polarization, which in turn can be traced through the top decays. Following [206], in
the rest frame of the t one defines the basis vectors: −ez ∝ (~pW+ + ~pW−), ey ∝ ~pW+ × ~pW− and
ex = ey × ez. For the anti-top one uses a similar set of the definitions in the t¯ rest frame related
by charge conjugation: −e¯z ∝ (~pW− + ~pW+), e¯y ∝ ~pW− × ~pW+ and e¯x = e¯y × e¯z. Now let Pj (for
j = x, y or z) be the polarization of t along ex, ey, ez and similarly, P¯j the polarization of t¯ along
e¯x, e¯y, e¯z . One can then combine information from the t and t¯ systems and define the following
asymmetries
Ax =
1
2
(Px + P¯x) , Bx =
1
2
(Px − P¯x) ,
Ay =
1
2
(Py − P¯y) , By = 1
2
(Py + P¯y) , (6.114)
Az =
1
2
(Pz + P¯z) , Bz =
1
2
(Pz − P¯z) ,
where it is easy to verify that, within the above coordinate systems, the A’s are CP-odd and the
B’s are CP-even. Moreover, {Ax, By, Az} are CPTN -odd whereas {Bx, Ay, Bz} are CPTN -even.
We note here that the CP-even spin observable By, being proportional to the imaginary part
of the Higgs propagator in Fig. 44(a), is also useful for experimentally measuring the Higgs width
[206]. However, since here we are only interested in CP non-conservation effects in the reaction
e+e− → tt¯νeν¯e, we will focus below on results obtained for the CP-odd observables, i.e., the A’s
in Eq. 6.114.
Let us consider a 2HDM with the tt¯Hk andW+W−Hk Lagrangian pieces of Eqs. 3.70 and 3.71,
respectively. Here also, the simultaneous presence of the scalar, akt , and pseudoscalar couplings,
bkt , in Eq. 3.70 is required for a non-zero expectation value of the CP-violating asymmetries
Ax, Ay, Az. Therefore, since only two out of the three neutral Higgs particles, i.e., k = 1, 2 or
3, (say, h ≡ H1 and H ≡ H2 for the lighter and heavier ones, respectively) have a simultaneous
scalar and pseudoscalar couplings to tt¯ (see section 3.2.3), the third neutral Higgs need not be
considered. Az is expected to receive significant contributions from loop corrections. Therefore,
we focus below on Ax and Ay only (see discussion in [206]).
The two asymmetries Ax, Ay are shown in Fig. 45, for a NLC with a c.m. energy of
√
s = 1.5
TeV, as a function of the lighter Higgs mass mh. The heavier Higgs mass is fixed to mH = 1
TeV. Also, for illustration, we use tan β = 0.5 and choose {α1, α2, α3} = {−π/2, β,−π/2}, where
α1, α2 and α3 are the three Euler angles that specify the 3 × 3 orthogonal mixing matrix of the
three neutral Higgs-bosons (see Eq. 3.73). With this set of parameters the tt¯h, tt¯H, W+W−h
and W+W−H couplings are fixed according to Eqs. 3.70, 3.71, 3.72 and 3.73 in section 3.2.3.
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We observe from Fig. 45 that for a wide range of the lighter Higgs mass the asymmetries are
appreciable. In particular, Ax is about 10% for mh ∼ 400–800 GeV whereas Ay is around 30% for
mh ∼ 100 − 300 GeV. Although not shown in Fig. 45, the asymmetries vanish when mh = mH
due to a GIM-like cancellation as explained in section 3.2.3.
As mentioned above, in order to measure those top polarization asymmetries, one needs the
momentum of the t and t¯ decay products in a given decay scenario. In [206] two such decay
scenarios useful for top polarimetry were considered:
1. The decay t→W+b followed by W+ → ℓ+ν, where ℓ = e, µ; in this case only the hadronic
decays of t¯ are included. This case occurs with a branching ratio of B1 ≈ (2/9)(2/3) = 4/27.
2. The decay t→ W+b followed by W+ → hadrons. Now the decay of t¯ to a τ− is excluded.
This case occurs with a branching ratio of B2 ≈ (2/3)(8/9) = 16/27.
In the case of the leptonic decay of t (or equivalently t¯), the angular distribution of the
lepton is ∝ (1 +R1P cos ηℓ), where P is its polarization, ηℓ is the angle between the polarization
axis and the momentum of the lepton in the top rest frame and R1 = 1 in the SM. Thus,
the optimal method to obtain the value of P is to use P = 3〈cos ηℓ〉/R1 (see section 2.8).
Similarly, in the case of the hadronic t decay (or equivalently t¯), one uses the distribution of
the W momentum in the top frame which is ∝ (1 +R2P cos ηW ) to extract the top polarization,
where R2 = (m
2
t − 2m2W )/(m2t + 2m2W ). Therefore, in this case P = 3〈cos ηW 〉/R2.
Hence, bearing in mind that the leptonic decay of the top is self polarizing, the number of
events needed to obtain a 3-σ signal in the t, t¯ decays of case 1 above is [206]:
N3σtt¯ = (27/2)(R
2
1B1 +R
2
2B2)
−1 × a−2 , (6.115)
where a is the asymmetry in question (either Ax or Ay). Therefore, given the above numbers for
R1, R2, B1 and B2, numerically N
3σ
tt¯ ≈ 52a−2, thus requiring some 5200 events for an asymmetry
of 10%. In fact, this can be further improved in the case of the hadronic decays of t (case 2 above)
by observing that [57] the less energetic of the two jets from the decay of the W is more likely to
be the d¯-type quark as noted in section 2.8. In particular, in case 2 one obtains N3σtt¯ ≈ 32a−2,
thus reducing the requirement to 3200 events for an asymmetry of 10% [206]. For an asymmetry
of about 30%, which was found possible in the case of Ay (see Fig. 45), only a few hundred events
will be needed.
Indeed, the cross-section for the reaction in Eq. 6.113 was calculated in [206] for the case of
a 2HDM with the couplings described above and it was found to be at the level of a few fb,
reaching ∼> 10 fb for 350 GeV ∼< mh ∼< 550 GeV. Thus, given that at
√
s = 1.5 TeV the projected
luminosity could be about 5 × 1034 cm−2 s−1 [192], a cross-section of 10 fb would yield about
5000 events rendering it feasible to detect asymmetries ∼> 10%. The conclusion is therefore that
the top polarization asymmetries for the reaction e+e− → tt¯νeν¯e are accessible to the NLC and
can serve as a powerful probe of CP violation driven by the neutral Higgs sector of a 2HDM.
However, this last statement must be taken with some caution since, the two neutrinos in the
final state, carry a substantial amount of missing energy and may therefore pose a problem in
reconstructing the t and t¯ rest frames, as required for measuring the polarization asymmetries in
question when the t or t¯ decays leptonically. No such problem arises if both the t and the t¯ decay
purely hadronically but, in that case, it remains to be seen if it will be possible to distinguish t
from t¯ which is also required for measuring Ax and Ay.
An interesting generalization of this work [206] is to consider instead the reaction e+e− →
tt¯e+e−. Now the fusion takes place via neutral gauge-bosons (γ, Z). Although there may be some
loss of the cross-section, to compensate that, there is also the advantage that the difficulties in
reconstructing the rest frames of t, t¯ may be far less formidable.
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Figure 44: The Feynman diagrams that participate in the subprocess W+W− → tt¯. The blob in
diagram (a) represents the width of the Higgs resonance and the cut across the blob is to indicate
the imaginary part.
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Figure 45: The asymmetries Ax (solid) and Ay (dashes) integrated over sˆ as a function of mh for√
s = 1.5 TeV and mH = 1 TeV. The coupling parameters are for tan β = 0.5 and {α1, α2, α3} =
{−π/2, β,−π/2} as described in the text. Figure taken from [206].
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7 CP violation in pp collider experiments
The LHC is a pp collider at CERN, with c.m. energy of 14 TeV, scheduled to start running around
2005 (For a recent review on machine parameters see [208].) Its design luminosity is L = 1034
cm−2sec−1, corresponding to a yearly integrated luminosity of 100 fb−1. A low luminosity first
stage of 10 fb−1 is usually assumed in articles discussing physics at the LHC. The issues discussed
in the following section, will be relevant for the future CMS and ATLAS experiments (for a review
see [209]); heavy ions and LHC-B will not be discussed in the present work. For recent reviews
on the physics at LHC, see [209] and [210].
7.1 pp→ tt¯ +X: general comments
In hadronic collisions tt¯ pairs are produced through the parton level subprocesses qq¯ → tt¯ and
gg → tt¯. The latter, gg fusion process, dominates over the quark–anti-quark annihilation in a
multi-TeV pp collider. For example, at the LHC, σ(gg → tt¯) ∼ 90% and σ(qq¯ → tt¯) ∼ 10% are
expected. It is therefore important to investigate the expected CP violation effects in pp→ tt¯+X
that can arise from CP non-conservation in the subprocess gg → tt¯.
Note that the simple qq¯ fusion process is the analog of the e+e− → tt¯ production mechanism
where an s-channel gauge-boson is exchanged. In the case of qq¯ → g → tt¯, the CP-odd effect
can therefore be attributed to the CEDM (dgt ) of the top present at the gtt¯ vertex. In contrast,
the gg production process gives rise to a much richer possibility of CP-violating interactions and
the resulting asymmetries in gg → tt¯ need not be related merely to the CEDM of the top quark.
This fact can be readily seen in model calculations (such as 2HDM and MSSM to be discussed
below), where additional CP-violating 1-loop box diagrams as well as sˆ-channel resonant neutral
Higgs exchange become relevant.
We will first discuss an effective Lagrangian approach in which all CP-violating effects are
assumed to originate only from the CEDM of the top. We will then present model dependent
analysis of CP non-conservation in gg → tt¯ where all possible CP-violating operators are taken
into account.
As will be shown, the typical size of the CP-violating asymmetries in pp→ tt¯+X is ∼ 10−3.
Although, naively one may expect such asymmetries to be within the experimental reach of the
LHC, which is expected to produce ∼ 107 − 108 tt¯ pairs, there are at least two types of hurdles
that make this objective very difficult to attain. First there is the detector dependent systematics
which are expected to present serious limitations for asymmetries at the ∼ 10−3 level. Another
serious difficulty is that the initial state (pp) is not an eigenstate of CP. Therefore one expects
fake asymmetries to arise at some level even though the underlying interactions do not violate
CP. These backgrounds are process dependent and the fake asymmetries that they produce needs
to be much smaller in comparison to the CP-violating signal that is of interest. In some cases,
e.g., an sˆ-channel resonant Higgs exchange within a 2HDM, as will be described in section 7.3.2,
by employing clever cuts on the tt¯ invariant mass one can obtain asymmetries at the percent
level. In these cases, the CP signal is more robust and may be within the reach of the LHC if
the 2HDM parameter space turns out favorable.
7.2 pp→ tt¯ +X: general form factor approach and the CEDM of the top
As already mentioned in previous sections, in close analogy to the EDM and the weak(Z)-EDM of
the top, one can generalize the top quark-gluon effective Lagrangian to include terms of dimension
5 which can give rise to a CEDM for the top quark (see Eq. 6.106 in section 6.3.2). In general,
the CEDM coupling, dgt , may be considered as a form factor. Its momentum dependence is
generated by effective Lagrangian operators of dimension greater than 5. In model dependent
calculations, this from factor may acquire momentum dependent imaginary parts as well as real
parts. In momentum space, similar to the EDM and weak-EDM cases, the CEDMmodifies the ttg
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interaction to read (we will not concern ourselves here with the CP-conserving Chromo-magnetic
dipole moment of the top)
− iTa (gsγµ + dgtσµνγ5kν) , (7.1)
where k = pt + pt¯ is the gluon four-momentum and pt(pt¯) is the t(t¯) four momentum.
The subprocess gg → tt¯ then proceeds through diagrams (a)–(d) in Fig. 46 where the heavy
dots indicate the vertices modified by the CEDM of the top defined in Eq. 7.1. Diagram (d)
involves an additional dimension 5 ttgg contact term and is needed to preserve gauge invariance
(see section 2.5). Assuming that dgt is small enough such that one can expand the matrix element
squared to first order in dgt , the differential cross-section for the subprocess gg → tt¯ can be
written, similar to the e+e− → tt¯ case, as [22]:
Σ(φ)dφ = Σ0(φ)dφ+ [ℜedgt (sˆ)Σℜe (φ) + ℑmdgt (sˆ)Σℑm (φ)] dφ , (7.2)
where sˆ = x1x2s and x1, x2 are the gluons momentum fractions. In Eq. 7.2 above, the gluon
structure functions are included and thus φ represents the final state phase space including the
gluon momentum fraction variables. Also, with no summation over the t and t¯ spins st and st¯,
respectively, the CP-odd differential cross-sections Σℜe (φ) and Σℑm (φ) are functions of st, st¯.
Therefore, because of the correlation between the top spin and the momentum of the charged
lepton from the top decay t→ bW+ → bℓ+νℓ, Eq. 7.2 with the st and st¯ dependence, gives in fact
the differential cross-section for the complete process gg → tt¯ including the subsequent leptonic
decay chains of the tops.
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Figure 46: Feynman diagrams contributing to gg → tt¯ in the presence of a top CEDM in the tt¯g
vertex which is denoted by the heavy dot.
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7.2.1 Optimal observables
With the effective Lagrangian in Eq. 6.106 in section 6.3.2 and by ignoring operators of dimension
greater than 5, only the effect of a constant real dgt was investigated in [22]. Indeed, in model
calculations to be described below, the real part of the CEDM form factor is a constant to a good
approximation. Similar to the e+e− → tt¯ case, an optimal TN -odd, CP-violating observable for
gg → tt¯ was defined in [22] as
O = Σℜe
Σ0
. (7.3)
In a realistic hadronic collider however, not all momenta which enter into the problem are im-
mediately observable. For example, with leptonic decays of both t and t¯, the momenta of the
neutrinos and the longitudinal momenta of the initial gluons are not observed. As was shown
in [22], this leads to a twofold or fourfold ambiguity (depending on the number of solutions to
the kinematics which results in a quartic equation) in determining the neutrinos momenta. To
bypass this difficulty an “improved” optimal observable, that averages over the reconstruction
ambiguity, was suggested in [22]:
O ′ ≡
∑
i Σℜe (φi)∑
iΣ0(φi)
, (7.4)
where the sum is over the different possible reconstructions of the neutrino and anti-neutrino
momenta from the leptonic t and t¯ decays, respectively.
Using the optimal observables O and O ′, the attainable 1-σ limits on ℜedgt , assuming 107
dilepton tt¯ decays, were given in [22]. Note that one can consider also leptonic-hadronic and
purely hadronic decays of the tt¯ pairs. Due to the branching ratios of the W -boson, 107 leptonic
tt¯ pairs implies a sample of ∼ 6× 107 leptonic-hadronic tt¯ pairs and ∼ 9× 107 hadronic tt¯ pairs.
With mt = 175 GeV, for the “simple” optimal observable O, with dilepton tt¯ pairs, it was found
that the 1-σ limit is ℜedgt ∼ 2.8 × 10−20 gs-cm. For the “improved” optimal observable O ′,
ℜedgt ∼ 3.0× 10−20 gs-cm with dilepton or hadronic tt¯ pairs and ℜedgt ∼ 2.0× 10−20 gs-cm with
leptonic-hadronic tt¯ pairs. Comparing the 1-σ limits on ℜedgt attainable with dileptonic tt¯ pairs
and through the use of the optimal observables O and O ′ in Eqs. 7.3 and 7.4, respectively, we
see that the reconstruction ambiguity does not cause any significant changes. Evidently, with
these optimal observables, ℜedgt may be measured to a precision of ∼ 10−20 gs-cm. O ′ with
the leptonic-hadronic tt¯ channel seems to be the most sensitive to ℜedgt . Comparable results for
ℜedgt were found in [211] by using the same type of optimal observables. Ref. [211] has also
extended the analysis of [22] by including effects of the imaginary part of dgt . They found that the
attainable limit at the LHC for ℑmdgt is of the same order, i.e., ℑmdgt ∼ 10−20 gs-cm, although
slightly better than the one for ℜedgt .
This result is encouraging since, as we have discussed in Chapter 4 the CEDM of the top may
be ∼> 10−20 gs-cm in some extensions of the SM, e.g., MHDM’s and the MSSM.
7.2.2 Observable correlations between momenta of the top decay products
It is also instructive to consider simple observables constructed exclusively out of momenta which
are directly observed. With the decays t → bℓνℓ and t¯ → b¯ℓ¯ν¯ℓ, the momenta pℓ, pℓ¯, pb and pb¯
will be directly observed and observables which involve correlations between those momenta are
the most appropriate. Two such CP-odd, TN -odd correlations were considered in [22]:
f1 =
ǫµνσρp
µ
ep
ν
e¯p
σ
b p
ρ
b¯
(pe · pe¯pb · pb¯)1/2
, (7.5)
f2 = (p
x
ep
y
e¯ − pyepxe¯) · sgn(pze − pze¯)(pe · pe¯)1/2 , (7.6)
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where sgn(X) = +1 for X ≥ 0 and −1 for X < 0.
The attainable 1-σ limits on ℜedgt for the observables f1 and f2, with mt = 175 GeV and
assuming 107 dileptonic tt¯ pairs, were also given in [22]. The findings were for f1: ℜedgt ∼
5.3 × 10−20 gs-cm and for f2: ℜedgt ∼ 3.0 × 10−19 gs-cm. We see that the limit that might be
achieved with f1 is about an order of magnitude smaller than that from f2. However, f2 depends
only on the lepton momenta and is, therefore, easiest to determine experimentally. Also, the limit
from f1 is about 2 times weaker then the one obtained from the “improved” optimal observable
discussed previously.
In [212] CP-odd TN -even observables which might be used to probe the imaginary part of the
CEDM, i.e., ℑmdgt , were considered
AE = Eℓ¯ − Eℓ , (7.7)
Q33 = 2(p
z
ℓ¯ + p
z
ℓ )(p
z
ℓ¯ − pzℓ )−
2
3
(~p 2ℓ¯ − ~p 2ℓ ) . (7.8)
AE is the energy asymmetry between ℓ and ℓ¯ and Q33 is an asymmetry originally suggested by
Bernreuther et al. in [165] (see section 6.1.2). In a pp collider with
√
s = 14 TeV, an integrated
luminosity of 10 fb−1 and an acceptance efficiency of ǫ = 10%, taking only leptonic (ℓ = e, µ) tt¯
pairs and assuming mt = 175 GeV the following 1-σ limits on ℑmdgt were obtained through the
observables AE and Q33
AE : |ℑmdgt | = 8.58 × 10−19 gs−cm , (7.9)
Q33 : |ℑmdgt | = 2.05 × 10−18 gs−cm . (7.10)
Thus the limits on the imaginary part of the top CEDM are weaker by about an order of mag-
nitude than those that might be obtained on the real part of the top CEDM, using the optimal
observables discussed before.
7.2.3 Polarized proton beams
A very interesting CP-violating polarization rate asymmetry was originally suggested by Gunion
et al. in [213], for Higgs production through gg fusion in a pp collider. This asymmetry was
applied to pp → tt¯ +X in [212]. The basic idea is that, if the gluons in a polarized proton are
polarized, then the initial CP-odd gluon-gluon configuration allows to probe CP-violating effects
without requiring full reconstruction of the tt¯ final state. The polarization rate asymmetry is
defined as
Apr ≡ σ+ − σ−
σ+ + σ−
, (7.11)
where σ±, in the subprocess gg → tt¯, is the cross-section for tt¯ production in collisions of an
unpolarized proton with a proton of helicity ±. Clearly, Apr is CP-odd and TN -even and therefore
can only probe the imaginary part of the top CEDM. Of course, a crucial point for such an analysis
is the degree of polarization that can be achieved for gluons in the pp collider. The amount of
gluon polarization in a positively polarized proton beam is defined by the structure functions
difference ∆g(x) = g+(x) − g−(x). The structure functions of polarized gluons, g±, are not well
known and depend on the amount of the proton’s spin carried by the gluons. In [212] the following
parameterization was adopted (g is the unpolarized gluon distribution)
∆g(x) =
{
g(x) (x > xc)
(x/xc)g(x) (x < xc)
, (7.12)
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Table 12: The number of tt¯ events N , the ratio ∆Nˆ/N (see text), and the attainable 1-σ limits
on |ℑmdgt |, for various pT -cuts with
√
s = 14 TeV, mt = 175 GeV and L = 10 fb−1. Table taken
from [212].
pT -cuts(GeV) N(×106) ∆Nˆ/N |ℑmdgt |(×10−20gs−cm)
0 2.62 1.44 0.766
20 2.55 1.42 0.788
40 2.36 1.37 0.847
60 2.08 1.30 0.951
80 1.74 1.22 1.107
100 1.41 1.14 1.313
where xc ∼ 0.2 yields a value of ∆g ∼ 2.5 at Q2 = 10 GeV2. The above distribution was actually
evaluated at Q2 = 100 GeV2 disregarding any scale evolution.
The 1-σ attainable limits on |ℑmdgt | were calculated in [212] and are given in Table 12, for
various transverse-momentum cuts and for
√
s = 14 TeV, mt = 175 GeV, L = 10 fb−1 and an
efficiency acceptance of 10%. Also, in Table 12 N = N+ + N− is the total number of tt¯ events,
∆Nˆ = N+ − N− and N+(N−) is the number of tt¯ events predicted for positively(negatively)
polarized proton. They have included all possible t decay modes so that the net branching ratio
was taken as unity. We see that, even with high pT -cuts, it is possible to put a 1-σ limit on
|ℑm (dgt )| up to the order of 10−20 gs-cm in the LHC with polarized incoming protons. This limit
is more stringent than the ones obtained in Eqs. 7.9 and 7.10 through the leptonic correlations
AE and Q33, respectively, and is of the same order as that obtained on the real part of the top
CEDM with the optimal observables discussed before.
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Figure 47: Feynman diagrams for the tree level QCD and neutral Higgs exchanges (denoted by
the dashed lines) which contribute to the production density matrix for gg → tt¯. Diagrams with
crossed gluons are not shown.
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7.3 2HDM and CP violation in pp→ tt¯+X
In a 2HDM with the CP-violating tt¯H couplings in Eq. 3.70, neutral Higgs exchanges can give rise
to CP violation in gg → tt¯ and qq¯ → tt¯ at the 1-loop order in perturbation theory. In Fig. 47(c)-
(h) all possible 1-loop CP-violating Higgs exchanges in gg → tt¯ are drawn and in Fig. 48(b) the
only CP-violating 1-loop diagram for qq¯ → tt¯ is shown. Interference of diagrams (c)-(h) with
the SM tree-level diagrams (a) and (b) in Fig. 47 and interference of diagram (b) with diagram
(a) in Fig. 48 can then give rise to CP non-conservation effects in gg and qq¯ fusion, respectively.
One can then identify various CP-violating correlations to trace the resulting CP-odd quantities
which appear in the corresponding differential cross-sections.
Here also we assume that two out of the three neutral Higgs particles in the 2HDM model are
very heavy or have very small CP-violating couplings, such that either way their effects decouple.
Thus, only the couplings of the lightest neutral Higgs (denoted by h) are important and there will
be only one dimensionless CP-odd quantity relevant for the study of CP violation in qq¯, gg → tt¯.
Using the notation in [196, 198, 214] in conjunction with our parameterization in Eq. 3.70, this
quantity is
γCP ≡ −2aht bht , (7.13)
where aht and b
h
t are defined by the tt¯h (say h = H1) coupling in Eq. 3.70 and are functions of
tan β - the ratio between the two VEV’s in the Higgs potential and of the three Euler angles
which parameterize the Higgs mixing matrix (for details see section 3.2.3).
Below we present two very interesting approaches of probing CP violation in pp→ tt¯+X. The
first is the Schmidt and Peskin (SP) approach [20], which utilizes the distribution of the leptonic
decay products of the top. The second is the Bernreuther and Brandenburg (BB) approach
[196, 198, 214], which studies the CP-violating effect in the resonant sˆ-channel Higgs shown in
Fig. 47(h).
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Figure 48: Born level QCD and relevant neutral Higgs exchange (denoted by the dashed line)
Feynman diagrams for qq¯ → tt¯.
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7.3.1 Schmidt-Peskin signal
Schmidt-Peskin (SP) proposed [20] a signature for CP violation in production and decays of tt¯
pairs for hadron colliders, namely via the reaction
pp(p¯)→ t
→W+
→ ℓ+νℓ
b
→
t¯
−→
W−
ℓ−ν¯ℓ
b¯
+X . (7.14)
Despite the complexity of the reaction and the hadronic environment, the signal for CP violation
that they suggest, i.e., the lepton energy asymmetry
αE =
〈Eℓ+〉 − 〈Eℓ−〉
〈Eℓ+〉+ 〈Eℓ−〉
. (7.15)
is very simple and robust. Such an asymmetry can only arise from non-SM sources such as an
extended Higgs sector or supersymmetry. The size of the asymmetry is unfortunately rather
small ∼ 10−3.
Since this asymmetry is CP-odd and TN -even, it requires an absorptive part to the Feynman
amplitude. Such an absorptive part is already present (see Figs. 47(c),(g),(h) and 48(b)) as tt¯
pair production requires the kinematic threshold
sˆ > 4m2t , (7.16)
where sˆ is the square of the energy in the subprocess qq¯ or gg c.m. frame. In particular, when a
neutral Higgs exchange leads to the CP-violating phase (as in their study), then the absorptive
part due to the threshold condition in Eq. 7.16 arises even if m2h > sˆ.
Note again that for the subprocess qq¯ → tt¯, the underlying cause of CP violation in extended
Higgs models is the CEDM of the top quark. Of course given the extremely short life time of
the top quark (∼ 10−24 sec) the CEDM as such (i.e., at q2 = 0) is extremely difficult to be seen.
Consider, however, the asymmetry [20]:
∆NLR =
[N(tL t¯L)−N(tRt¯R)]
all tt¯
, (7.17)
where N(tLt¯L) is the number of tLt¯L pairs produced via qq¯(gg) → tt¯, etc. 28. Clearly ∆NLR is
CP-odd and TN -even. The qq¯ contribution to ∆NLR arises from interference of Fig. 48(b) with
the lowest order graph for qq¯ → tt¯ depicted in Fig. 48(a). They found
∆NLR =
2β
3− β2 ℜe (F2A) , (7.18)
where β = (1− 4m2t/sˆ)1/2 and, in their notation, F2A(sˆ) is the CEDM form factor and ℜe (F2A)
involves the absorptive part of the Feynman integral
ℜe (F2A) =
1
8π
(
mt
v
)2 4m2t
sˆβ
γCP
×
[
1− m
2
h
sˆβ2
ℓn
(
1 +
sˆβ2
m2h
)]
. (7.19)
Here mh is the mass of the lightest neutral Higgs and γCP is defined in Eq. 7.13. It is easy
to understand [20] the effect intuitively: for sˆ >> m2t , the gluon will predominantly couple to
28Note that in this notation, t¯L means an anti-top quark with momentum, for instance, along +z and spin along
−z
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tLt¯R or tRt¯L. However, when β → 0, tLt¯L and tRt¯R, which are related to each other via CP,
are dominantly produced, which may thus lead to ∆NLR 6= 0. The resulting asymmetry at the
parton level, ∆NLR, for the subprocess qq¯ → tt¯ for mt = 175 GeV, γCP = 1/
√
2 and for different
values of mh and
√
sˆ, is found to be of order 10−3.
For gg → tt¯ the calculation is more involved. In particular, in addition to the tˆ-channel
h exchange, now an sˆ-channel Higgs exchange graph is also present (see Fig. 47(h)). There is
in fact constructive interference between these two channels for mh < 2mt. The result for the
asymmetry in the gg fusion case, but without the sˆ-channel Higgs exchange (see Fig. 48(b)),
was also given in [20]. Near threshold, i.e.,
√
sˆ ∼> 2mt, the asymmetry in the gg fusion case is
about twice as big as that of the qq¯ fusion case. However, although larger than the qq¯ fusion
subprocess, it is again at the level of 10−3. Adding the qq¯ and gg subprocesses, then ∆NLR can
reach optimistically ∼ 10−2, for low values of mh and tan β. In any case, the gg initial state
gives rise to a much richer possibility of CP-violating operators and, as was mentioned before,
the resulting asymmetry cannot be attributed merely to the CEDM of the top quark. Indeed, as
noted in [196, 198, 214], the sˆ-channel neutral Higgs exchange that was ignored in [20], can give
rise to larger asymmetries in gg → tt¯ and may be attainable at the LHC. We will return to this
effect in the next section.
As has been emphasized at several places in this review, the fact that top decays are a powerful
spin analyzer comes in extremely handy here too in leading to a detectable signature. The CP
violation in the production process causes the polarization asymmetry above, which leads to an
asymmetry in the energies of the charged leptons emerging from t and t¯ decays.
The distribution of the charged lepton in the t-rest frame is given by
d2Γ
dEℓd cosψ
=
dΓ
dEℓ
1 + cosψ
2
, (7.20)
where ψ is the angle between the top spin and the lepton momentum. When the top quark is
boosted to the qq¯(gg) c.m. frame, Eq. 7.20 provides the correlation between the helicity of the
top and the energy of the decay lepton. The resulting energy spectrum for tL(t¯R) and tR(t¯L) is
significantly different from each other as was shown in [20]. Clearly, their findings indicate that
the energy spectrum of the leptons, serves as a useful spin analyzer.
The asymmetry in pp collision is calculated by folding in as usual the parton distributions.
For this purpose SP used the parton density functions proposed in [215]. The effects of the
longitudinal boost of the parton-parton collision are eliminated by considering the transverse
energy (ET ) of the leptons. The resulting asymmetry is [20]:
∆N(ET ) =
dσ/dET,ℓ+ − dσ/dET,ℓ−
dσ/dET,ℓ+ + dσ/dET,ℓ−
, (7.21)
and it was calculated in [20] for mh = 100 GeV, mt = 150 GeV and γCP = 1/
√
2. Unfortunately,
numerically it is again only of order 10−3.
Let us briefly discuss the background for these type of CP-violating asymmetries in pp →
tt¯ + X. As was mentioned at the beginning of this chapter, the initial state (pp) at hadron
Supercolliders, such as the LHC, is not an eigenstate of CP. Consequently energy asymmetry in
the decay lepton spectrum are not necessarily due to CP violation. The point is that the protons
in the initial state produce more energetic quarks than anti-quarks. Also the reaction qq¯ → tt¯ has
a small forward-backward asymmetry induced by αs corrections. Thus the top quarks produced
by this reaction tend to have a slightly higher energy than t¯, leading to an asymmetry in the
energy of the decay lepton. Such an effect, originating from higher order QCD corrections, causes
an irreducible background.
Fortunately this background is very small. First of all, qq¯ annihilation is subdominant at
such pp collider energies and the leading reaction gg → tt¯ is free from such a forward-backward
asymmetry. Also, as mentioned before, the background to the asymmetry arises from higher
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order (QCD) radiative corrections. Furthermore, since the forward-backward asymmetry mainly
affects longitudinal variables, its effect on the transverse energy asymmetry in Eq. 7.21 would
cancel if there were no lepton acceptance cuts.
This background can be crudely estimated from the electromagnetic analog of the forward-
backward asymmetry for e+e− → µ+µ−. The analogous asymmetry is crudely estimated by
the replacement α → [(dabc)2/32]αs = (5/12)αs. SP in [20] used the approximate formula in
[216] which allows them to get an estimate for massless tt¯ pairs. This approximation tends
to overestimate this background. For numerical estimates SP also impose a cutoff on the gluon
energy of ∆E/E = 0.3. The resulting background was found to be of the order of 10−4. Therefore,
it is much smaller than the desired CP-violating effect and also it is essentially independent of
the lepton energy.
7.3.2 sˆ-channel resonance Higgs effects - Bernreuther-Brandenberg approach
For mh > 2mt, as noted before, there is an interesting sˆ-channel Higgs contribution to gg → tt¯
shown by diagram (h) in Fig. 47. This was explored in some detail in [196, 198] who recently
improved their analysis in [214]. For the simple on-shell decay h → tt¯, a large tt¯ spin-spin
correlation can be induced already at the tree-level if h is not a CP eigenstate, as happens in a
class of 2HDM’s.29 In a 2HDM, with the tt¯h coupling of Eq. 3.70 30, this spin-spin correlation is
given by [196]:
〈kˆt · (~st × ~st¯)〉 =
γCPβt
(bht )
2 + (aht )
2β2t
, (7.22)
where βt = (1 − 4m2t/m2h)1/2, st, st¯ are the spin operators of t and t¯, respectively, kˆt is the unit
vector of the momentum of the top quark and γCP is defined in Eq. 7.13. It is remarkable that
this CP-violating spin-spin correlation can, in principle, be as large as 0.5. In practice, though,
this decay has to be coupled to some particular production process and the final asymmetry can
vary significantly between different processes. Moreover, for pp collisions, there is an interference
between the continuum and the resonant tt¯ production which tends to diminish the spin-spin
correlation. For the gluon-gluon fusion, the CP-violating expectation value of 〈kˆ · (~st × ~st¯)〉 was
calculated in [198]. The resulting asymmetry was found to be at best only a few percent and falls
significantly short compared to the value of 0.5 mentioned above. In fact, when this is translated
to an asymmetry that utilizes the t and t¯ decay products, as was done in [196, 198], the signal
to noise ratio for such an asymmetry was found to be at best ∼ 10−3.
The same non-vanishing spin-spin correlation of Eq. 7.22 can arise in qq¯ → tt¯. The asymmetry
for the qq¯ fusion subprocess was also calculated in [198] for the same set of parameters as in the gg
fusion case. As expected, in the case of qq¯ fusion, the asymmetry is about one order of magnitude
smaller than gg fusion, since in this channel the resonant Higgs graph is absent. Furthermore,
the asymmetry gets smaller with growing Higgs-boson masses as opposed to the gg fusion case
which we now discuss in some detail.
Let us now focus on an improved analysis of the results mentioned above. This was recently
suggested by Bernreuther, Brandenburg and Flesch (BBF) in [214]. In their analysis the basic
idea was to include new cuts on the tt¯ invariant mass which significantly improved their previous
results in [198].
For the case when both t and t¯ decay leptonically, consider the CP-violating observables [214]:
Q1 = kˆt · qˆ+ − kˆt¯ · qˆ− , (7.23)
29A more detailed analysis of the possible spin-spin correlations in h→ tt¯ is given in section 6.2.3.
30recall that the lightest neutral Higgs is assumed to be h = H1, i.e., k = 1 in Eq. 3.70
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and
Q2 = (kˆt − kˆt¯) · (qˆ− × qˆ+)/2 , (7.24)
where kˆt, kˆt¯ are the t, t¯ momentum directions in the parton c.m. system and qˆ−, qˆ+ are the ℓ+,
ℓ− momentum directions (from t→ bℓ+νℓ and t¯→ b¯ℓ−ν¯ℓ) in the t and t¯ rest frames, respectively.
Note that the decay channels to ℓ+, ℓ− (disregarding the τ lepton) may include all different
combinations of e and µ and, in [214], all possible combinations were summed over. It is useful to
note that Q2 in Eq. 7.24 is in fact a transcription of the spin-spin correlation kˆt · (~st×~st¯) defined
in Eq. 7.22 above, and is a TN -odd quantity. Also, Q1 traces the spin-spin correlation kˆt · (~st−~st¯)
which corresponds to the CP asymmetry ∆NLR defined in Eq. 7.17 and was suggested originally
in [20]. Clearly it is TN -even, thus requiring an absorptive phase.
For the leptonic-hadronic decay channel of the tt¯ pairs, it is useful to consider the two possible
decay scenarios: sample A in which the t decays leptonically and t¯ decays hadronically , and
sample A¯ in which the t decays hadronically and t¯ decays leptonically (see Eqs. 6.79 and 6.80,
respectively, in section 6.2.3). One can then define the following CP-violating quantities with
respect to samples A and A¯ [214]:
E1 = 〈O1 〉A − 〈 O¯1 〉A¯ , (7.25)
E2 = 〈O2 〉A + 〈 O¯2 〉A¯ , (7.26)
where
O1 ≡ kˆt · qˆ+ , O¯1 ≡ kˆt¯ · qˆ− ,
O2 ≡ kˆt · (qˆ+ × qˆb¯) , O¯2 ≡ kˆt¯ · (qˆ− × qˆb) . (7.27)
Here qˆb and qˆb¯ denote the momentum direction of the b and b¯ jets in the t and t¯ rest frames,
respectively. Again, E1 effectively corresponds to the spin-spin correlation kˆt · (~st − ~st¯) and is a
TN -even observable, and E2 traces the spin-spin correlation kˆt · (~st×~st¯) and is therefore a TN -odd
quantity.
In [214] it was shown that, in the region mh > 2mt, the magnitude of the asymmetry increases
significantly and the dominant contribution comes from the interference of the CP-violating terms
in the amplitude of the neutral Higgs resonant diagram in Fig. 47(h) with the Born amplitude.
They have evaluated the dependence of the differential expectation values of Q1 and Q2 on the
tt¯ invariant mass, Mtt¯. An example of such a dependence for the TN -odd observable Q2 and
in the dilepton decay channels of the tt¯ pairs is shown in Fig. 49. In this figure the resonant
contribution in gg → h → tt¯ is compared with the resonant + the remaining h contribution
(i.e., all the non-resonant graphs), for different values of mh, for
√
s = 14 TeV and setting the
CP-violating quantity, γCP , from the tt¯h vertex to be equal to 1. Also, since the CP-violating
effect is sensitive to the neutral Higgs total width, it is therefore sensitive to the ZZh,WWh
“reduced” coupling ch (defined in Eq. 3.71 for h = H1, i.e., k = 1), which determines the decay
rates Γ(h→ ZZ) and Γ(h→WW ) [214]. In Fig. 49, ch = 0 was chosen, in which case the above
decay channels of a neutral Higgs to the massive gauge-bosons are forbidden at tree-level.
Clearly, looking at Fig. 49, the non-resonant contributions are negligible with respect to the
sˆ-channel h contribution which in turn gives rise to a CP asymmetry at the level of a percent
when Mtt¯ is in the vicinity of mh.
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Figure 49: d < Q2 > /dMtt as a function of Mtt (Q2 is defined in Eq. 7.24) at
√
s = 14 TeV, for
reduced Yukawa couplings ch = 0, aht = 1/
√
2, bht = −1
√
2, i.e., γCP = 1 (see text), and Higgs-
boson masses: (a) mh = 320 GeV, (b) 350 GeV, (c) 400 GeV, and (d) 500 GeV, in the dilepton
channel. The dashed line represents the resonant and the solid line the sum of the resonant and
non-resonant h contributions. Figure taken from [214].
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Table 13: The expectation value of Q2 and its sensitivity at the LHC with
√
s = 14 TeV and an
integrated luminosity of 100 fb−1, for the dilepton tt¯ decay channels. The Mtt¯ intervals are chosen
below mh such that: for mh = 370, 400, 500 GeV, 〈Q2 〉 was integrated over ∆Mtt¯ = 15, 40, 80
GeV, in the Mtt¯ ranges 355-370, 360-400 and 420-500 GeV, respectively. For each pair (mh,
ch) the first column is 〈Q2 〉 in percent and the second column is the sensitivity in standard
deviations. The rows correspond, in descending order, to (aht , b
h
t ) = (1,−1)/
√
2, (1,−0.3)/√2
and (0.3,−0.3)/√2, i.e., to γCP = 1, 0.3 and 0.09, respectively. Numbers for mh are in GeV.
The non-resonant h contributions have been neglected for these values of mh. Table taken from
[214].
ch
mh 0.0 0.2 0.4
370
4.4 29.8 4.1 27.4 3.3 20.9
3.9 23.4 2.9 16.7 1.6 9.0
1.2 6.6 0.75 4.1 0.39 2.1
400
2.3 24.4 2.1 22.8 1.8 18.7
1.3 13.4 1.1 11.1 0.75 7.5
0.49 4.9 0.35 3.5 0.21 2.1
500
0.65 8.6 0.59 7.9 0.46 6.0
0.31 4.1 0.26 3.5 0.18 2.4
0.14 1.9 0.10 1.4 0.06 0.77
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The sharp peaks observed in the range Mtt¯ ∼ mh give an extra handle in an attempt to
enhance the CP signal. Indeed, Figs. 49(b), (c) and (d) show that, in the case of mh > 2mt,
〈Q2 〉 changes sign as one goes from Mtt¯ ∼< mh to Mtt¯ ∼> mh, such that integrating over Mtt¯ will
diminish the CP-violating effect. Therefore, choosing appropriate Mtt¯ mass bins below or above
mh, allows for a significant enhancement of the CP-odd signal. This is demonstrated in Table
13, where the three values ch = 0, 0.2 and 0.4 were considered (see discussion above). Also,
in Table 13, the left column gives the expectation value of Q2 in percent and the right column
shows the statistical significance in which this CP effect can be measured at the LHC with an
integrated luminosity of 100 fb−1. The Mtt¯ intervals (i.e., mass bins) in Table 13 where chosen
below mh (see caption of Table 13). Also the rows in Table 13 correspond in descending order to
γCP = 1, 0.3, 0.09.
The numbers for the statistical significance of the CP-violating signal that were found in [214]
and are shown in Table 13 are quite remarkable. In most cases the CP-violating signal is well
above the 3-σ level, perhaps even a lot better than 5-σ in the best case. As an example, note
that with mh = 370 GeV and γCP as low as 0.09, the observable Q2 can yield a 7-σ effect with
an appropriately chosen interval for Mtt¯. Recall that values as large as γCP ∼ 4, corresponding
to tan β ∼< 0.5, are still allowed by present experimental data (see section 3.2.3).
A few additional remarks are in order regarding the analysis in [214]:
1. The expected statistical significance for a CP-odd signal from the observable E2 in Eq. 7.26
corresponding to the leptonic-hadronic channel (i.e., lepton + jet from the tt¯ pairs) was
found to be comparable to that of Q2 discussed above. Moreover, for the TN -even observ-
ables Q1 (see Eq. 7.23) and the corresponding one for the leptonic-hadronic channel E1 (see
Eq. 7.25) the CP-violating signal, although somewhat smaller, may yield more than a 3-σ
effect as long as γCP ∼> 0.3.
2. Apart from the cuts on theMtt¯ invariant mass, i.e., the chosen intervals/mass bins, Ref. [214]
employed additional cuts on the rapidities of the t and t¯ and on the transverse momenta
of the final state charged leptons and quarks in both the dilepton channel and leptonic-
hadronic channel samples.
3. It is important to note that the TN -odd observables Q2 and E2 are insensitive to CP violation
from the subsequent t, t¯ decays to leading order in the CP-violating couplings. This is
ensured by CPT invariance [214]. Moreover, the TN -even observables Q1 and E1, although
may acquire contributions from CP-violating absorptive parts in the t, t¯ decays, at least in
the 2HDM case, these absorptive parts are absent in the limit of vanishing b-quark mass
(see also related discussion in section 5.1.2). Therefore, for the 2HDM case, both the TN -
even and the TN -odd quantities in Eqs. 7.23-7.26 are “clean” probes of CP violation in the
production mechanism of tt¯ at the LHC.
Refs. [196, 198] considered possible contaminations to an asymmetry of the type Q2 (or
equivalently the spin-spin correlation in Eq. 7.22). Again, the key point is that the dominant gg
fusion subprocess is free from undesired CP-conserving background to Q2. Therefore, background
considerations are relevant only for the case of qq¯ → tt¯. Refs. [196, 198] estimated the CP-
conserving background to Q2 to be of order 10
−6 which is about 3 orders of magnitude smaller
than the actual asymmetry. The reason for that is that TN -odd observables such as Q2 do not
receive contributions from CP-invariant interactions at the Born level but only from absorptive
parts. Thus, in the case of qq¯ → tt¯, the main background comes from order α3s and α2sαweak
absorptive parts [196, 198].
Finally, let us note that the optimization technique (with no additional cuts), i.e., the use
of optimal observables, employed in [211] for CP violation in gg → tt¯, yield roughly the same
results as those obtained in [214]. That is, optimal observables can be sensitive to values down
to γCP ∼ 0.1 with no cuts on the tt¯ invariant mass.
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7.4 SUSY and CP violation in pp→ tt¯ +X
As we have discussed in previous sections, 1-loop exchanges of SUSY particles may give rise
to CP-violating phenomena in top systems which are driven by SUSY CP-odd phases in the
supersymmetric vertices. Such SUSY CP-violating 1-loop effects in gg → tt¯ were investigated
by Schmidt [147]. In the case of gg → tt¯, only exchanges of gluinos and stops are relevant and
are shown in Fig. 50. The only CP-odd phase arises then from the off diagonal elements of the
t˜L− t˜R mixing matrix. Writing again (see also sections 3.3.2 and 4.5) the top squarks of different
handedness in terms of their mass eigenstates, t˜+, t˜−, as
t˜L = cos θtt˜− − e−iβt sin θtt˜+ ,
t˜R = e
iβt sin θtt˜− + cos θtt˜+ , (7.28)
the asymmetry will then be proportional to the quantity
ξtCP = sin(2θt) sin(βt) . (7.29)
Schmidt neglected possible CP-nonconserving effects in the subdominant process qq¯ → tt¯ and
considered the asymmetry ∆NLR defined in Eq. 7.17 only for gg → tt¯. As mentioned before,
∆NLR being CP-odd and TN -even, requires both a CP-odd phase and an absorptive phase. Such
absorptive phases are present in diagrams (a), (b) of Fig. 50 if the c.m. energy is large enough
to produce on-shell gluino (g˜) pairs and in diagrams (c)–(e) in Fig. 50 if the c.m. energy of the
colliding gluons is sufficient to produce on-shell top squark (t˜) pairs. Obviously, if SUSY particles
have masses of O(1 TeV ), then this condition is satisfied at the LHC in which the c.m. energy
of the colliding protons is 14 TeV. Thus, ∆NLR is a sum of the two contributions
∆NLR ≡
∫
d cos θ
[
Ag˜(cos θ) +At˜(cos θ)
]
(all tt¯)
, (7.30)
where θ is the production angle of the top quark in the gg c.m. frame and Ag˜(At˜) is the contri-
bution from on-shell gluino (stop) pairs. Schmidt found
Ag˜(cos θ) =
9πα2sβtδ
64sˆ
2∑
σ=1
(−1)σΘ(
√
sˆ− 2mg˜)
×
{
1
1− βt cos θ
[
βt
βg˜
(1− β2g˜)K−0 − (1− β2t )K−1 + βtβg˜ sin2 θ(K−2 −K−3 )
]
+
1
1 + βt cos θ
[
βt
βg˜
(1− β2g˜ )K+0 − (1− β2t )K+1
+ βtβg˜ sin
2 θ(K+2 −K+3 )
]}
, (7.31)
and
At˜(cos θ) =
9πα2sβtδ
64sˆ
2∑
σ=1
(−1)σΘ(
√
sˆ− 2mσ)
×
{(
1/81
1− βt cos θ +
10/81
1 + βt cos θ
) [
βt
βσ
(1− β2σ)K¯−0 − βtβσ sin2 θK¯−3
]
+
(
1/81
1 + βt cos θ
+
10/81
1− βt cos θ
)[
βt
βσ
(1− β2σ)K¯+0
− βtβσ sin2 θK¯+3
]}
, (7.32)
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where βi = (1 − 4m2i /sˆ)1/2 and the index σ refers to the two mass eigenstates of the stop. Also,
here
δ ≡ αsmg˜mt
sˆβt
ξtCP , (7.33)
and the form factors K±i (i = 0− 3) are given in [147].
The asymmetry ∆NLR was calculated for several values of mt˜− ,mt˜+ (the masses of the two
stop eigenstates) and mg˜, and for mt = 150 GeV, ξ
t
CP = −1 (i.e., its maximal negative value).
In general, the asymmetry was found to be dominated by the amplitudes which contain the
intermediate gluinos (Fig. 50(a) and 50(b)) even if the intermediate stops in Fig. 50(c)-(e) can
go on their mass shell. For example, with mg˜ = 210 GeV, mt˜− = 100 GeV and mt˜+ = 500 GeV,
Schmidt found that the asymmetry at the parton (i.e. gluons) level can reach ∼ 2% if the c.m.
energy of the colliding gluons is around 450 GeV. Note that, in this c.m. energy, and with the
above stops masses, ∆NLR receives contributions only from diagrams (a) and (b) in Fig. 50 since
there is no absorptive cut along the stops lines in diagrams (c)–(e) in Fig. 50. These results for
∆NLR are about an order of magnitude larger than what was found in the 2HDM case [20] and
it is roughly comparable to the sˆ-channel Higgs resonant effect [196, 198, 214].
However, in a more realistic study, one will have to integrate over the structure functions of
the incoming gluons and present asymmetries in the overall reaction pp→ tt¯+X. Unfortunately,
folding in the gluons structure functions, the CP-violating asymmetry drops again to the level of
10−3. For this purpose Schmidt again considered the asymmetry in the transverse energy of the
leptons defined in Eq. 7.21. He [147] found that, similar to the 2HDM case when no additional
cuts are made (like the ones suggested in [214] and were described in the previous section), at the
LHC with
√
s = 14 TeV and with typical SUSY masses of a few hundreds GeV, the asymmetry
∆N(ET ) of Eq. 7.21 is again typically of the order of ∼ few × 10−3. Schmidt also examined the
non-CP-violating background, and again found it to be negligible compared to the CP-violating
effect.
Clearly, the Schmidt SUSY CP-violating effect in gg → tt¯ as it stands, is smaller than that
of Ref. [214], i.e. the signal caused by the resonant Higgs contribution. This is mainly due
to the appreciable improvement that can be achieved with appropriate cuts on the tt¯ invariant
mass, as was discussed in the previous section. Note however, that by using optimal observables
for extracting information on CP violation in gg → tt¯, it was shown in [211] that the signal to
noise ratio for the CP-violating effect in gg → tt¯ (driven by the diagrams in Fig. 50 that were
considered by Schmidt) can reach the percent level after folding in the gluons structure functions.
This allows a 1-σ detection of the CP-odd effect even for smaller values of ξtCP ∼ 0.1.
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Figure 50: 1-loop Feynman diagrams contributing to CP violation in gg → tt¯ in supersymmetry.
Diagrams with crossed gluons are not shown.
183
8 CP violation in pp¯ collider experiments
Shortly after the demise of the SSC, it was suggested to upgrade the energy of the Tevatron. More
recently, substantial, two stage, upgrades in luminosity without a factor of two or so increase in
energy remain as viable options. For a review see [217]. In the previous run at the Tevatron, at
c.m. energy of 1.8 TeV, the D∅ and CDF experiments accumulate more than 0.2 fb−1 of integrated
luminosity. In the first upgrade, called Run II, L will be increased from its current peak value
of 2 × 1031 cm−2sec−1 to 1032 cm−2sec−1 (or even to twice this value). In the second stage, so
called Run III (or TeV-33), the luminosity will be further increased to L ≈ 1033 cm−2sec−1. The
working hypotheses are that in Runs II and III the integrated luminosity will be 2 fb−1 and 30
fb−1, respectively, with a modest increase of c.m. energy to 2 TeV. In addition, the D∅ and CDF
detectors are also being upgraded.
8.1 pp¯→ tt¯ +X
Contrary to the LHC pp collider, where tt¯ pairs are produced predominantly through the gg
fusion process gg → g → tt¯, in the Tevatron pp¯ collider with c.m. energy of √s ≃ 2 TeV
the main production mechanism of tt¯ pairs is the qq¯ fusion, qq¯ → g → tt¯. In particular, the
qq¯ fusion process is responsible for about 90% of the cross-section pp¯ → tt¯ + X. Being so,
the processes pp¯ → tt¯, tt¯g + X, where g stands for an extra gluon jet in tt¯ production, will
presumably be sensitive to the CEDM and CMDM of the top quark, which can be incorporated
as effective interactions at the ttg vertex. As already mentioned in previous chapters, being a
CP-odd quantity, a non-vanishing CEDM coupling might give rise to observable CP violation in
top systems in such a hadron collider. If so, this will be a clue for new physics, as in the SM the
CP-nonconserving effects in the reactions pp¯→ tt¯, tt¯g +X are extremely small.
In principle, CP-nonconserving effects due to the CEDM can be searched for through a study
of either CP-even or CP-odd correlations in the reactions pp¯ → tt¯, tt¯g +X. Of course, CP-odd
correlations are expected to be more sensitive to the CEDM than CP-even observables as the
former are linear in CEDM whereas the latter are proportional to the square of the CEDM form
factor.
We will first present a study of the sensitivity of some CP-even observables to the CEDM,
and then describe some interesting CP-odd correlations that may be applied to pp¯→ tt¯+X.
8.1.1 CP-even observables in pp¯→ tt¯+X and pp¯→ tt¯+ jet+X
The effective Lagrangian for the interaction between the top quark and a gluon, that includes
the CEDM and CMDM form factors of the top, is given in Eq. 6.106 (for V = g). Recall that
the effective interaction at the ttgg vertex, absent in the SM, is also required to ensure gauge
invariance (see discussion in section 2.5).
The CMDM and CEDM dimensionless form factors κg and κ˜g, which are defined in Eq. 6.106,
can develop an imaginary part.31 However, these imaginary parts vanish at zero momentum
transfer, and are only present if an on-shell intermediate state exists. Using form factors as a
probe for new physics is most useful when the novel states can only be produced virtually and
so here we consider the case where κg and κ˜g are purely real.
As mentioned above, the process pp¯ → tt¯ + X can proceed at the parton level via: (a)
qq¯ → tt¯, or (b) gg → tt¯. With the effective interactions in Eq. 6.106 and the additional ggtt
effective vertex, the Feynman diagrams contributing to these two processes are shown in Fig. 51.
The parton level cross-sections for pp¯→ tt¯+X are then given by [22, 218]:
31we will loosely refer here to κg and κ˜g as the CMDM and CEDM form factors, respectively. They are related
to the dimensionful CMDM and CEDM via Eqs. 6.107 and 6.108.
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(tˆ−m2t )(uˆ−m2t )
sˆ2
. (8.3)
The process pp¯ → tt¯j +X, where j stands for a jet, can proceed via the following parton level
subprocesses: (a) qq¯ → tt¯g, (b) gg → tt¯g, or (c) q(q¯)g → tt¯q(q¯) where an extra light quark jet is
radiated. The number of diagrams for these subprocesses is large. A detailed description of the
calculation of the cross-section for the reaction pp¯→ tt¯j +X is given in [218].
A plot of the dependence of the total cross-section for tt¯ production on κg and κ˜g was given in
[218] and is shown in Fig. 52. Of course, as expected, the cross-section is symmetric about κ˜g = 0
as only κ˜2g appears in the cross-section, being a CP-even observable. The SM point is given by
κg = κ˜g = 0 and the SM cross-section at this point is σ(tt¯) ∼ 5 pb. Therefore, a measurement of
σ(tt¯) > 5 pb will indicate the existence of a non-zero κg or κ˜g.
In [219] an “anomalous cross-section” was defined as
∆σ ≡ σ(κg, κ˜g)− σ(0, 0) , (8.4)
and a plot of ∆σ in the (κg, κ˜g) plane was given. From the current experimentally allowed region
of ∆σ, not surprisingly, they found that a rather large CEDM coupling is permitted. For example,
for certain values of κg, they found that 0.5 ∼< |κ˜g| ∼< 1.5 is allowed, within 1σ. This corresponds
to 2.8× 10−17 gs−cm ∼< |ℜedgt | ∼< 8.3× 10−17 gs−cm, at 1-σ.
Considering again an associated extra jet, j, in top pair production at the 2 TeV Tevatron,
it was shown in [218] that not much will be gained from a simple cross-section analysis of the tt¯j
final state compared to the tt¯ final state. However, a more interesting CP-conserving quantity was
further suggested in [218]; it was shown that the ratio of the two cross-sections, R = σ(tt¯j)/σ(tt¯),
can be used to further constrain the CEDM and CMDM couplings. Fig. 53(a), (b) and (c) show
the main behavior of the ratio R in the (κg, κ˜g) plane for pT (j) > 5, 10, 20 GeV, respectively,
where pT (j) is the transverse momentum of the jet j. The most interesting feature is the one
depicted in Fig. 53(a); we see that for the cut pT (j) > 5 GeV, at some regions in the (κg, κ˜g)
plane, R > 1. This happens as a consequence of the new ttg and ttgg vertices (absent in the SM)
in tt + jet production.
A discussion on the possible limits that can be put on the CEDM and CMDM of the top by
analyzing CP-even observables in single top production at the Tevatron was presented in [220].
There, single top production can occur either via the qq¯ → tb¯ or the W -gluon fusion subprocess
Wg → tb¯. An analysis of the cross-section for the reaction Wg → tb¯ was performed [220], trying
to further constrain the CEDM and CMDM of the top quark which may enter the ttg vertex
present in this reaction. However, it was found that, for both the Tevatron and the LHC, the
sensitivity of the W -gluon fusion subprocess leading to a single top quark for the CEDM and
CMDM couplings is more than an order of magnitude smaller than the usual top pair production
channel.
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8.1.2 CP-odd observables in pp¯→ tt¯+X
As already mentioned before, if all non-standard effects reside in the tt¯g coupling,32 then they can
be parameterized by the effective ttg and ttgg interaction Lagrangian. However, upon neglecting
the gg fusion process (which is a good approximation under the conditions of the Tevatron
upgrade with c.m. energy of
√
s = 2 TeV), the ttgg contact term plays no role and the only
relevant effective interaction for the reaction qq¯ → tt¯ is the effective ttg CEDM interaction in
Eq. 6.106. Similarly, the tbW vertex (with an on-shell W -boson) may give rise to additional non-
standard couplings as in Eqs. 6.5 and 6.6, which may cause CP violation in the top and anti-top
decays. Therefore, in the overall tt¯ production and decays, CP violation is parameterized by
non-zero values of the CEDM, dgt , in the production vertex, and/or by the quantities f
L,R
2 − f¯R,L2
(defined in Eqs. 6.5 and 6.6) emanating from the t, t¯ decays.
In order to detect such CP-violating couplings one has to construct appropriate CP-odd
observables. Following [221], let us again consider two decay scenarios for t and t¯. In the first
one, both t and t¯ decay leptonically
pp¯→ tt¯→ ℓ+ℓ−X , (8.5)
while in the second scenario only one of the t or t¯ decays leptonically (see also Eqs. 6.79 and 6.80
in section 6.2.3)
pp¯→ tt¯→ ℓ+X , pp¯→ tt¯→ ℓ−X . (8.6)
The processes in Eq. 8.6 have better statistics than the one in Eq. 8.5 and give the best signature
for the top quark identification. Within these decay scenarios two possible CP-odd observables
were considered in [221] which we will describe below.
8.1.3 Transverse energy asymmetry of charged leptons
The transverse energy asymmetry of the charged leptons was originally suggested by Peskin and
Schmidt in [20] for tt¯ production in a pp collider (see Eq. 7.21) and was discussed in detail in
sections 7.3 and 7.4. Recall that in the case where both t and t¯ decay leptonically it can be
defined as (using here the notation in [221])
AT =
σ(E−T > E
+
T )− σ(E+T > E−T )
σ(E−T > E
+
T ) + σ(E
+
T > E
−
T )
. (8.7)
The result for the expected CP-violating asymmetry in the transverse energy of the muons (AµT )
was given in [221]. They considered AµT as a function of the imaginary part of the top CEDM,
ℑmdgt (recall that AT is TN -even thus requiring an absorptive phase), and of ℜe(fR2 − f¯L2 ). Also,
the usual CDF cuts were applied. They found that CP violation from the production mechanism,
i.e., ∝ ℑmdgt , is larger then that arising from the decay process, i.e., ∝ ℜe(fR2 −f¯L2 ). For example,
they found that with ℑmdgt ∼ 10−17 gs-cm and ℜe(fR2 − f¯L2 ) ∼ 0.2 one can obtain an asymmetry
around the ∼ 10% level.
In order to understand the feasibility of extracting such values for the CP-violating couplings
in production and decays of the tt¯, it is useful to decompose AµT as follows [221]:
AµT ≡ cPAP + cDAD , (8.8)
where the dimensionless couplings cP and cD are
cP ≡ mt
gs
ℑmdgt , cD ≡
1
2
ℜe(fR2 − f¯L2 ) . (8.9)
32Recall that this is not necessarily true in model calculations, e.g., in the MSSM - see discussion in section 7.4.
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Then, in terms of cP and cD, the statistical significance for A
µ
T determination is given by
NTSD ≡ |cPAP + cDAD|
√
Nℓℓ , (8.10)
where Nℓℓ is the number of dilepton events expected to be ∼ 80 and ∼ 1200 at an integrated
luminosity L = 2 and 30 fb−1, respectively [222]. AP and AD can be calculated and, thus, it was
found in [221] that a 3-σ effect will require the following relations to be satisfied
|2.5cP + 0.9cD| ≥ 1 for L = 2 fb−1 , (8.11)
|9.8cP + 3.3cD| ≥ 1 for L = 30 fb−1 . (8.12)
Clearly, AµT is more sensitive to CP violation in the production mechanism than in the tt¯ decays.
So, for example, L = 30 fb−1 allows for an observation of cP = cD = 0.08 at
√
s = 2 TeV.
Note that cP = 0.08 corresponds to ℑmdgt = 8.8 × 10−18 which, again, is more than an order
of magnitude larger then what is expected for the CEDM in beyond the SM scenarios such as
MHDM’s and SUSY (see Chapter 4). Similarly, the resulting 3-σ limit ℜe(fR2 − f¯L2 ) = 0.16
(corresponding to cD = 0.08) falls short by about one order of magnitude from model predictions
for this quantity (see discussion in Chapter 5).
A related asymmetry which can be used in the case when only one top decays leptonically
was also suggested in [221]:
Aµcut(ETcut) =
σ−(E−T > ETcut)− σ+(E+T > ETcut)
σ
. (8.13)
The σ in Eq. 8.13 denotes the integrated cross-section with no cuts except for the standard
experimental cuts. We note that, with the CP-violating coupling cP and cD of the order of 0.1,
which tends to be somewhat optimistic, this asymmetry in Eq. 8.13 can also reach the ∼ 10%
level.
8.1.4 Optimal observables
It is useful to be able to experimentally separate CP violation in the production from that in the
decay. The optimization method outlined in section 2.6 can provide for such a detection and was
also used in [221].
Consider the transverse lepton energy spectrum in the single leptonic (say ℓ+) and the dilep-
tonic final states
1
σ
dσ
dE+T
= f+1 (E
+
T ) + cP f
+
P (E
+
T ) + cDf
+
D(E
+
T ) , (8.14)
1
σ
d2σ
dE+T dE
−
T
= f±1 (E
+
T , E
−
T ) + cP f
±
P (E
+
T , E
−
T ) + cDf
±
D (E
+
T , E
−
T ) , (8.15)
where in Eqs. 8.14 and 8.15 σ denotes the cross-section for the process pp¯ → ℓ+ + jets and
pp¯→ ℓ+ ℓ− + jets, respectively. Also, cP , cD are defined in Eq. 8.9 and f± are known functions
of E+T and E
−
T .
As can be seen from Eqs. 8.14 and 8.15, the transverse lepton energy spectrums, in both
the single and double-leptonic channels, are sensitive to cP and cD. Using the above transverse
lepton energy spectrum, the optimal weighting functions can be obtained. This was done in [221]
where in both cases the statistical significances for the experimental determination of cP and cD,
i.e., NP,DSD ≡ |cP,D|/∆cP,D, were calculated. For the single leptonic events they obtained
NPSD =
|cP |
2.37
√
Nℓ , N
D
SD =
|cD|
18.43
√
Nℓ , (8.16)
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L[fb−1] 2 30
|cP | 0.20 0.05
|cD| 1.50 0.40
Table 14: The minimal values of cP and cD necessary to observe CP violation in the single-lepton
mode at the 3-σ level for L =2, 30 fb−1. As a reference value, recall that cP = 1 corresponds to
ℑmdgt = 1.1× 10−16 gs-cm. Table taken from [221].
L[fb−1] 2 30
|cP | 0.39 0.10
|cD| 1.93 0.50
Table 15: The minimal values of cP and cD necessary to observe CP violation in the dilepton
mode at the 3-σ level for L =2, 30 fb−1. See also caption to Table 14. Table taken from [221].
and for the dileptonic events
NPSD =
|cP |
1.17
√
Nℓℓ , N
D
SD =
|cD|
5.76
√
Nℓℓ , (8.17)
where Nℓ and Nℓℓ are the expected number of single and double-leptonic events, respectively.
Nℓ ∼ 1300(20, 000) andNℓℓ ∼ 80(1200) for L = 2(30) fb−1, respectively [222]. The minimal values
of cP and cD necessary to observe a 3-σ CP-violating effect with the optimization technique are
listed in Tables 14 and 15 for the single and double-leptonic channels, respectively. We see that
the single-leptonic modes are more sensitive to the non-standard couplings. Thus, for example,
the Tevatron upgrade Run III with L = 30 fb−1 will be able to probe ℑmdgt down to values of
∼ 5× 10−18 gs-cm in the single-leptonic channel. Note that, as expected, this result is somewhat
better than what can be achieved with “naive” observables such as Aµcut in Eq. 8.13.
We note in passing that comparable limits for ℑmdgt but also for ℜedgt , i.e., ℑm,ℜedgt ∼
few×10−18 gs-cm, were found also in [211] using optimal observables for the reaction pp¯→ tt¯+X
and with the Tevatron upgrade parameters.
To summarize, as was noted in [221], it is not inconceivable that non-standard CP-violating
couplings of the top quark to a gluon may be discovered at the Tevatron before precision mea-
surements at the LHC are done.
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Figure 51: Feynman diagrams for the process (a) qq¯ → QQ¯, and (b) gg → QQ¯ with Q = t. The
heavy dots represent the effective vertices involving κg and κ˜g (see also text).
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Figure 52: Contours of the pp¯→ tt¯+X cross-sections, in pb, in the κ˜g(horizontal axis)–κg(vertical
axis) plane. Figure taken from [218].
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Figure 53: Contours of the ratio R = σ(tt¯j)/σ(tt¯) in the κ˜g(horizontal axis)–κg(vertical axis)
plane, with pT (j) >5, 10 and 20 GeV in (a), (b), and (c), respectively. Figure taken from [218].
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8.2 pp¯→ tb¯+X
In spite of the fact that at the Tevatron pp¯ collider, top quarks are mainly produced as tt¯ pairs via
an s-channel gluon exchange [223], the subleading electroweak production mechanism of a single
top forms a significant fraction of the tt¯ pair production. It will therefore be closely scrutinized
in the next runs of the Tevatron [224]. The production rate of tb¯ through an s-channel off-shell
W -boson, pp¯→W ∗ → tb¯+X, (the corresponding partonic reaction, ud¯→W ∗ → tb¯, is depicted
in Fig. 54) is expected to yield about 10% of the tt¯ production rate [224].
In this section we examine CP violation asymmetries in top quark production and its subse-
quent decay via the basic quark level reactions [138, 172, 225]:
ud¯→ tb¯→ bW+b¯ , u¯d→ t¯b→ b¯ W−b . (8.18)
Indeed this reaction is rich for CP violation studies as it exhibits many different types of asym-
metries. Some of these, which we consider below, involve the top spin. Therefore, the ability to
track the top spin through its decays becomes important and top decays have to be examined as
well (see e.g. [226]).
The asymmetries in tb¯ production can be appreciably larger than those in tt¯ pair production
wherein they tend to be about a few tenths of percent (see Chapters 6 and 7). Moreover, while
in the SM, CP-odd effects in pp¯ → W ∗ → tb¯+X are expected to be extremely small since they
are severely suppressed by the GIM mechanism (see e.g., [47, 151]), it is shown below that, in
extensions of the SM, CP asymmetries can be sizable - in some cases at the level of a few percent.
Therefore, since the number of events needed to observe an asymmetry scales as (asymmetry)−2,
the enhanced CP-violating effects in tb¯(t¯b) may make up for the reduced production rates for tb¯
compared to tt¯. In fact larger asymmetries could be essential as detector systematics can be a
serious limitation for asymmetries less than about 1%.
d
+W
u
b
t
Figure 54: The tree-level Feynman diagram contributing to ud¯→ tb¯.
Let us discuss now the asymmetries in the ud¯ (u¯d) subprocess. We consider four types of
asymmetries that may be present [172]. First, is the CP-violating asymmetry in the cross-section
A0 = (σtb¯ − σt¯b)/(σtb¯ + σt¯b) , (8.19)
where σtb¯ and σt¯b are the cross-sections for ud¯→ tb¯ and u¯d→ t¯b, respectively, at sˆ = (pt + pb¯)2.
The spin of the top allows us to define three additional types of CP-violating polarization
asymmetries. For these it is convenient to introduce the coordinate system in the top quark (or
anti-top) rest frame where the unit vectors are ~ez ∝ −~pb, ~ey ∝ ~pu × ~pb and ~ex = ~ey × ~ez. Here ~pb
and ~pu are the 3-momenta of the b¯-quark and the initial u-quark in that frame. We denote the
longitudinal polarization or helicity asymmetry as
A(zˆ) = (NR −NL − N¯R + N¯L)/(NR +NL + N¯R + N¯L) , (8.20)
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where NL is the number of left-handed top quarks produced in ud¯ → tb¯ and N¯R is the number
of right-handed t¯ produced in u¯d → t¯b, etc. Therefore, in the frame introduced above right-
handed tops have spin up along the z-axis and left-handed ones spin down. We further define
the CP-violating spin asymmetries in the x and y directions as follows
A(xˆ) = (Nx+ −Nx− + N¯x+ − N¯x−)/(Nx+ +Nx− + N¯x+ + N¯x−),
A(yˆ) = (Ny+ −Ny− − N¯y+ + N¯y−)/(Ny+ +Ny− + N¯y+ + N¯y−) , (8.21)
where, for example, Nj+(N¯j+) represent the number of t(t¯) with spin up with respect to jˆ-axis,
for j = x, y, etc.
While all these four asymmetries are manifestly CP-violating, A0, A(zˆ) and A(xˆ) are even
under naive time reversal (TN ) whereas A(yˆ) is TN -odd. So the first three, unlike A(yˆ), require
a complex amplitude, i.e., absorptive phases.
These asymmetries are related to form factors arising from radiative corrections of the W ∗ →
tb production vertex due to non-standard physics. To see this, it is useful to parameterize the
1-loop tb¯ and t¯b currents of the production amplitude as follows [138]:
Jµ(tb¯) ≡ igW√
2
∑
P=L,R
u¯t
(
PP1 pµb
mt
+ PP2 γµ
)
Pvb , (8.22)
Jµ(t¯b) ≡ igW√
2
∑
P=L,R
u¯b
(
P¯P1 pµb
mt
+ P¯P2 γµ
)
Pvt , (8.23)
where P = L or R and L(R) ≡ (1 − (+)γ5)/2. PL,R1 and PL,R2 , defined in Eqs. 8.22 and 8.23,
contain the necessary absorptive phases as well as the CP-violating phases in a given model. It
is easy to show that if one defines
PL1 ∼ eiδ
1
s × eiδ1w , (8.24)
PL2 ∼ eiδ
2
s × eiδ2w , (8.25)
where δ1s , δ
2
s are the CP-even absorptive phases (i.e., FSI phases) and δ
1
w, δ
2
w are the CP-odd
phases, then
P¯R1 ∼ −eiδ
1
s × e−iδ1w , (8.26)
P¯L2 ∼ eiδ
2
s × e−iδ2w . (8.27)
In terms of these form factors, the two TN -even asymmetries A0 and A(zˆ) are given by [172]:
A0 =
(x− 1)
2(x+ 2)
ℜe (PL1 + P¯R1 )− ℜe (PL2 − P¯L2 ) , (8.28)
A(zˆ) =
(x− 1)
2(x+ 2)
ℜe (PL1 + P¯R1 )−
x− 2
x+ 2
ℜe (PL2 − P¯L2 ) , (8.29)
where x ≡ m2t/sˆ. Notice that the three quantities {A0, A(zˆ), A(xˆ)} are linear combinations of
only two form factors. Thus one can show that
A(xˆ) = −3πx− 12 [(2 + x)A0 + (2− x)A(zˆ)] /32 . (8.30)
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which will therefore hold if the new CP violating physics takes place through such a vertex
correction of W ∗ → tb.
Similarly, the asymmetry A(yˆ) is proportional to the real parts of the 1-loop integrals and
may therefore be obtained from the corresponding imaginary parts through the use of dispersion
relations. In particular, since the TN -even asymmetries are proportional to the absorptive phases
in the above form factors, one can express A(yˆ) in terms of A0 and A(zˆ),
A(yˆ)[sˆ] = − 3
32
[
1− x
(2 + x)
√
x
]
ℜe
{∫ ∞
0
2ξ + x
(ξ − x)(ξ − 1 + iǫ)ξ
× [(2ξ − x)A0[ξsˆ] + (2ξ + x)A(zˆ)[ξsˆ]] dξ
}
. (8.31)
Note that the integrand is 0 if ξsˆ is below the threshold to produce an imaginary part since then
A0 and A(zˆ) will vanish.
Let us now evaluate the form factors defined in Eqs. 8.22 and 8.23 in two extensions of the
SM: the 2HDM of type II and the MSSM. As was pointed above, once these form factors are
calculated in a given model, the asymmetries A0, A(zˆ), A(xˆ) and A(yˆ) can be readily obtained.
8.2.1 2HDM and the CP-violating asymmetries
As emphasized through out this article, in the 2HDM of type II, a CP-odd phase can reside in
neutral Higgs exchanges and there is only one Feynman diagram that contributes to CP violation
in ud¯→ W ∗ → tb¯ to 1-loop order. This diagram is shown in Fig. 55. The relevant Feynman rules
for this diagram, required for calculating the asymmetries of interest, can be extracted from the
parts of the 2HDM Lagrangian involving the tt¯Hk and WWHk couplings in Eqs. 3.70 and 3.71,
with k = 1, 2, 3 for the three neutral Higgs fields. Recall again that the coupling constants, akt ,
bkt and c
k are functions of tan β, which is the ratio between the two VEV’s in this model, and of
the three mixing angles α1,2,3 which diagonalize the 3× 3 Higgs mass matrix (see section 3.2.3).
As usual, for simplicity, we have assumed that two of the three neutral Higgs-bosons are much
heavier compared to the third one which we denote by h. Thus, the CP-violating effect will be
dominated by the lightest neutral Higgs, h, and is proportional to bht c
h. Choosing the angles
α1 = α2 = π/2 and α3 = 0 which give maximal effects [172], one obtains b
h
t c
h ∝ cos β cot β so
the asymmetries are now functions of tan β and mh only.
u
Wd
W h
t
b
Figure 55: The CP-violating 1-loop graph in 2HDM’s with CP violation from neutral Higgs ex-
changes; h denotes the lightest neutral Higgs.
Using the Lagrangian in Eqs. 3.70 and 3.71, the form factors ℜe (PL1 + P¯R1 ) and ℜe (PL2 −P¯L2 )
can be readily calculated and we get
ℜe (PL1 + P¯R1 ) = −
(
α√
2
)
bht c
h
2π sin2 θW
m2t
m2W
ℑm
[
2m2W (C11 − C12)
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−m2t (C12 + C23)− C˜0 − C˜11
]
, (8.32)
ℜe (PL2 − P¯L2 ) =
(
α√
2
)
bht c
h
4π sin2 θW
m2t
m2W
ℑm
[
2m2W (C0 + C12)
−2C24] , (8.33)
where the Cx above, x ∈ {0, 11, 12, 21, 22, 23, 24}, are the three-point form factor associated with
the 1-loop diagram in Fig. 55, and are given via [172, 225]:
Cx = Cx(m
2
t ,m
2
W ,m
2
h,m
2
b , sˆ,m
2
t ) , (8.34)
where sˆ = (pt + pb¯)
2 and Cx(m
2
1,m
2
2,m
2
3, p
2
1, p
2
2, p
2
3) is defined in appendix A.
The quark level asymmetries of interest can be converted to the hadron (i.e., pp¯) level by
folding in the structure functions in the standard manner [61]. The results for the 2HDM case
are shown in Fig. 56, for tan β = 0.3 and as a function of the lightest Higgs-boson mass, mh. For
the asymmetry A(yˆ) we apply a cut of sˆ > (mh+mW )
2. We can see that A0 and A(xˆ) can reach
above the percent level for mh ∼< 200 GeV. The measurable consequences for such an asymmetry
are discussed in section 8.2.3 below.
It is interesting to note that in the 2HDM (to the 1-loop order) the TN -even asymmetries
A0, A(zˆ) and A(xˆ) do not receive any contribution from the decay vertex in t → bW . The
only diagram that can potentially drive CP violation in t → bW is the same one as shown in
Fig. 55 with the momenta of the t and the W reversed. Thus, an important necessary condition
for A0, A(zˆ), A(xˆ) 6= 0, that there is an imaginary part in the decay amplitude, is not satisfied.
Moreover, as it turns out, the observed value of A(yˆ) is not affected by CP violation in the decay
process. The key point is that the measurement of A(yˆ) through the decay chain u(pu) d¯(pd)→
b¯(pb1) t(pt) followed by t(pt) → b(pb2) e+(pe) ν(pν) is equivalent to a measurement of a term
proportional to ǫ(pe, pd, pt, pb1) (ǫ being here the Levi-Civita tensor). On the other hand, CP
violation arising from the decay process is proportional to ǫ(pe, pd, pt, pb2). It is easy to see that
an observable related to the first of these will be insensitive to the second. So, in this way
asymmetries in the production can be separated from those in the decay.
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Figure 56: The CP-violating asymmetries in pp¯→ tb¯+X for the 2HDM case and in the pp¯ c.m.
frame for
√
s = 2 TeV, as a function of mh (horizontal axis); A0 (solid), A(zˆ) (dashed), A(xˆ)
(dotted) and A(yˆ) (dot-dashed). Figure taken from [172].
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8.2.2 SUSY and the CP-violating cross-section asymmetry
The MSSM possesses several CP-odd phases that can give rise to CP violation in pp¯→ tb¯+X and
in the subsequent top decay t→ bW (see section 5.1.4). In [138] we have constructed a plausible
low-energy MSSM framework in which there are only five relevant free parameters needed to
evaluate the cross-section asymmetry A0 (see also sections 3.3.4 and 5.1.4). These are: MS - a
typical SUSY mass scale that characterizes the mass of the heavy squarks, mG - the mass of the
gluino, µ - the Higgs mass parameter in the superpotential, ml - the mass of the lighter stop and
tan β - the ratio between the VEV’s of the two Higgs fields in the theory. In this framework there
are two sources of CP violation that can potentially contribute to A0 [138]. The first may arise
from the Higgs mass parameter µ which may be complex in general. The second CP-violating
phase arises from t˜L−t˜R mixing (see e.g., Eq. 5.60) and may be parameterized by a single quantity
ξtCP defined in Eq. 5.61.
In this scenario, when no further assumptions are made, there are 12 Feynman diagrams that
can give rise to CP violation at the parton level process ud¯ → tb¯ which are depicted in Fig. 57.
However, if we assume that arg(µ) = 0 as implied from the existing experimental limit on the
NEDM (see discussion in section 3.3.4) and take mu = md = mb = 0, then only diagrams (a),
(b), (d), (e) and (g) have the necessary CP-violating phase, being proportional to one quantity -
ξtCP . In [138] we have shown that with MS and mG of about several hundred GeV, diagram (d)
is in fact responsible for ∼ 90% of the total CP violation effect.
Let us, therefore, present the results for the asymmetry A0 corresponding only to diagram (d)
in Fig. 57. The Feynman rules needed to calculate A0 can be derived from the following parts of
the SUSY Lagrangian [126]:
Lu˜idχ˜m = u˜+i d¯
[(
−gWZ1iu Z+∗1m +
√
2mu
v2
Z2iu Z
+∗
2m
)
R
+
√
2md
v1
Z1iu Z
−
2mL
]
V udχ˜cm + h.c. , (8.35)
Lu˜iuχ˜0n = u˜−i ¯˜χ
0
n
[(
−gW√
2
Z1i∗u L
+ −
√
2mu
v2
Z2i∗u Z
4n
N
)
L
+
(
2
√
2
3
gW tan θWZ
2i∗
u Z
1n∗
N −
√
2mu
v2
Z1i∗u Z
4n∗
N
)
R
]
u+ h.c. ,
(8.36)
LWχ˜mχ˜0n = gW ¯˜χmγµ
(
K−L+K+R
)
χ˜0nW
+
µ + h.c. , (8.37)
where L(R) = 12 (1 − (+)γ5), u˜i and u (d˜j and d) stand for up squark and up quark (down
squark and down quark), respectively, χ˜m (m = 1, 2) and χ˜
0
n (n = 1 − 4) are the charginos and
neutralinos, respectively. Also, in Eqs. 8.37 and 8.36 we have defined
L± ≡ 1
3
tan θWZ
1n
N ± Z2nN , (8.38)
K+ ≡ Z2n∗N Z−1m +
1√
2
Z3n∗N Z
−
2m , (8.39)
K− ≡ Z2nN Z+∗1m −
1√
2
Z4nN Z
+∗
2m , (8.40)
and the mixing matrices Zu, Zd, ZN , Z
− and Z+ were given in [138] (also given in section 3.3.2).
Using the Lagrangian in Eqs. 8.35 - 8.37, the form factors ℜe (PL1 + P¯R1 ) and ℜe (PL2 − P¯L2 )
(corresponding to diagram (d) in Fig. 57) can be evaluated within the MSSM and are given by
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ℜe (PL1 + P¯R1 ) = −
α
π sin2 θW
mt
[
mtO1dℑm
(
Cd12 + C
d
23
)
+mχ˜0nO2dℑmCd12
−mχ˜mO3dℑm
(
Cd12 − Cd11
)]
, (8.41)
ℜe (PL2 − P¯L2 ) =
1
2
α
π sin2 θW
[
O1d
(
(sˆ−m2t )ℑmCd23 − sˆℑmCd22
−2ℑmCd24 −m2tℑmCd12
)
−mtmχ˜0nO2dℑmCd12 +mtmχ˜mO3dℑm
(
Cd0 + C
d
12
)
+mχ˜mmχ˜0nO4dℑmCd0
]
, (8.42)
where sˆ = (pt + pb¯)
2 and Oid contain the SUSY CP-weak phases associated with diagram (d)
in Fig. 57. In fact, the same CP-violating phases occur also in the decay t → bW (see section
5.1.4) and, therefore, the Oid above are the same as the ones given in Eqs. 5.50-5.53. The ℑmCdx,
x ∈ {0, 11, 12, 21, 22, 23, 24}, in Eqs. 8.41 and 8.42 are the imaginary parts of the three-point form
factors associated with diagram (d) in Fig. 57. Thus, Cdx are given via [138]:
Cdx = Cx(m
2
t˜i
,m2χ˜m ,m
2
χ˜0n
,m2b , sˆ,m
2
t ) , (8.43)
and Cx(m
2
1,m
2
2,m
2
3, p
2
1, p
2
2, p
2
3) is defined in appendix A.
In [138], instead of calculating the cross-section asymmetry A0, we considered a partially
integrated cross-section asymmetry, APICA0 , in which we have imposed a cut on the tb invariant
mass, mtb < 350 GeV. Such a cut on mtb may help to remove the tt¯ “background” from a
measurement of a cross-section asymmetry in pp¯ → tb¯ + X. The results in the SUSY case are
shown in Figs. 58 and 59 as a function of µ and mG, respectively, for MS = 400 GeV, ml = 50
GeV (ml is the mass of the lighter stop particle) and for tan β = 1.5, 35. Maximal CP violation
was chosen in the sense that ξtCP = 1, thus the asymmetry plotted in Figs. 58 and 59 is in fact
given in units of ξtCP . Evidently, for some values of µ around 100 GeV and with mG ∼ 450
GeV the asymmetry can almost reach the 3% level. The asymmetry is above the 1% level for
several other choices of µ. It was also shown in [138] that, in general, in order for the asymmetry
to be above the percent level the mass of the lighter stop is required to be below ∼ 75 GeV.
Furthermore, the asymmetry tends to drop as tan β is increased in the range 1 ∼< tan β ∼< 10, and
it is almost insensitive to tan β for tan β ∼> 10.
In the MSSM, 1-loop radiative corrections to the amplitude of top decay t → bW that can
violate CP are also present. In fact, disregarding the incoming u and d lines, diagrams (a)-(d) in
Fig. 57 with the t and W momenta reversed, can give rise to a CP-violating tbW decay vertex.
This was discussed in some detail in section 5.1.4. To 1-loop order in perturbation theory, where
the CP-violating virtual corrections enter only either the production or the decay vertices of the
top in the overall reaction pp¯ → tb¯ +X → W+bb¯+X, and in the narrow width approximation
for the decaying top, an overall CP asymmetry, A, can be broken into
A = AP +AD . (8.44)
In Eq. 8.44 AP and AD are the CP asymmetries emanating from the production and decay of
the top, respectively, and are defined by
AP ≡ σ(pp¯→ tb¯+X)− σ¯(pp¯→ t¯b+X)
σ(pp¯→ tb¯+X) + σ¯(pp¯→ t¯b+X) , (8.45)
AD ≡ Γ(t→W
+b)− Γ¯(t¯→W−b¯)
Γ(t→W+b) + Γ¯(t¯→W−b¯) . (8.46)
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The PRA AD, defined in Eq. 8.46, does not depend on the specific production mechanism of the
top and was calculated in section 5.1.4. We have shown there that, with the low-energy MSSM
parameters described above, one gets |AD| < 0.3% where, in most instances, it tends to be even
smaller - |AD| < 0.1%. Therefore, it is about one order of magnitude smaller than the asymmetry
in the production of tb and its relevance to the overall asymmetry in pp¯→ tb¯+X →W+bb¯+X
is negligible.
As a final remark here, let us recall that in the 2HDM case discussed before, the PRA AD
in Eq. 8.46 is forbidden at 1-loop order because of CPT invariance, i.e., no rescattering of final
states as shown in section 2.3. This was also discussed in section 5.1.2.
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Figure 57: CP-violating, SUSY induced, 1-loop diagrams for the processes ud¯ → tb¯. g˜ is the
gluino, χ˜ is a chargino, χ˜0 is a neutralino and t˜ and b˜ are top and bottom squarks, respectively.
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Figure 58: The SUSY induced partially integrated cross-section asymmetry APICA0 defined in
the text, as a function of µ, for MS =400 GeV, ml =50 GeV and for
√
s =2 TeV. With (a)
tan β =1.5 and (b) tan β =35. Figure taken from [138].
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Figure 59: The SUSY induced partially integrated cross-section asymmetry APICA0 defined in the
text, as a function of mG, for several values of µ, MS =400 GeV, ml =50 GeV and for
√
s =2
TeV. With (a) tan β =1.5 and (b) tan β =35. Figure taken from [138].
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8.2.3 Feasibility of extraction from experiment
To summarize the results of sections 8.2.1 and 8.2.2, CP-violating asymmetries in single top
production and decay at the Tevatron through pp¯ → tb¯ + X → W+bb¯ + X may optimistically
reach a few percent in extensions of the SM such as SUSY and 2HDM’s. In future upgrades
of the Tevatron to
√
s = 2 TeV, the cross-section for pp¯ → tb¯ + X is expected to be about
300 fb, if a cut of mtb < 350 GeV is applied on the invariant mass of the tb¯ [138]. Therefore,
with an integrated luminosity of L = 30 fb−1 [224], an asymmetry of ∼ 3% can be naively
detected with a statistical significance of 3-σ. Therefore, a percent level CP-violating signal in
the reaction pp¯→ tb¯+X → W+bb¯+X is especially notable as it may become accessible at the
near future 2 TeV pp¯ collider. In particular, based on the results presented in this section, such a
measurement may impose limits on the CP-violating parameters arg(At) and b
h
t c
h of the MSSM
and the 2HDM, respectively. However, it should be noted that such a detection at the Tevatron
will require the identification of all tb¯ pairs , which, in principle, can be achieved only if the top
can be reconstructed even when the W decays hadronically.
It will be also useful to explore SUSY or 2HDM mediated CP-violating effects that can
originate from the W -gluon fusion subprocess which contributes to the same final state (i.e.,
Wg → tb¯d) and which has a comparable production rate to that of the simple ud¯ → tb¯ in the
2 TeV Tevatron. While in the MSSM various 1-loop triangle and box corrections can give rise
to CP nonconservation in the W -gluon fusion subprocess, in the 2HDM CP-violating radiative
corrections to Wg fusion, at the 1-loop order, do not yield absorptive parts in the limit mb = 0.
Therefore, it will not contribute to CP asymmetries of the TN -even type in single top production.
Note, however, that the W -gluon fusion subprocess has its own characteristics, e.g., the extra
light jet in the final state, which may be used in order to experimentally distinguish it from the
“simple” ud fusion process (see e.g., Heinson et al. in [224]).
8.3 pp¯→ tb¯h+X, a case of tree-level CP violation
Motivated by the large, tree-level, CP-violating effects found in the the reaction e+e− → tt¯h (see
section 6.2), we were led to consider an analogous reaction in the Tevatron pp¯ collider with a tb¯h
final state [225]. Thus, in this section we focus on CP violation, driven by 2HDM in the process
pp¯→ tb¯h+X, where h is the lightest neutral Higgs in the 2HDM of type II. From the outset we
remark that a statistically significant CP study in the reaction pp¯→ tt¯h+X in a future Tevatron
upgrade with c.m. energy of 2 TeV and even 4 TeV , is unlikely due to the low tb¯h event rate.
As in the case of e+e− → tt¯h, a very interesting feature of the reaction ud¯ → tb¯h (at the
parton level) is that it exhibits a CP asymmetry at the tree graph level. Such an effect arises
from interference of the Higgs emission from the t (but not from the b¯ in the limit mb → 0) with
the Higgs emission from the W -boson. Being a tree-level effect the resulting asymmetry is quite
large. This asymmetry may be measurable in principle, through a CP-odd, TN -odd observable.
Let us now discuss the tree-level cross-section and CP violation effects in our reactions,
u(pu)d¯(pd¯)→ t(pt)b¯(pb¯)h(ph) , u¯(pu¯)d(pd)→ t¯(pt¯)b(pb)h(ph) . (8.47)
In the limit mb = 0 (and also mu = md = 0), and to lowest order, the only two diagrams
that can contribute to CP violation in the reactions of Eq. 8.47 are depicted in Fig. 60. The
relevant Feynman rules needed to calculate the tree-level CP asymmetry are extracted from the
Lagrangian in Eqs. 3.70 and 3.71. Here also, we assume that two of the three neutral Higgs
particles are much heavier than the remaining one, i.e. h. We, therefore, omit the index k in
Eqs. 3.70 and 3.71, and denote the couplings for the lightest neutral Higgs as: aht , b
h
t and c
h. The
tree-level differential cross-section Σˆ0 at the parton level, is a sum of two terms: the CP-even
and CP-odd terms Σˆ0+ and Σˆ
0− , respectively,
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Figure 60: Tree-level Feynman diagrams contributing to ud¯→ tb¯h in the limit md = mu = mb =
0; h stands for the lightest neutral Higgs in a 2HDM.
Σˆ0 ≡ Σˆ0+ + Σˆ0− , (8.48)
where Σˆ0± are calculated from the tree-level diagrams in Fig. 60. The expression for the CP-even
part, i.e., Σˆ0+, can be parameterized as
Σˆ0+ =
(
2πα
sin2 θW
)3 (ΠW
2
)2 m2t
m2W
×
[
(aht )
2Π2tA+ (bht )2Π2tB
+2(ch)2
m2W
m2t
Π2WhC + 23/2aht chΠtΠWhD
]
, (8.49)
where the terms A,B, C and D are quite involved and were calculated in [225]. ΠW is theW -boson
propagator, and together with Πt and ΠWh are given by
ΠW ≡ 1
sˆ−m2W
, Πt ≡ 1
2pt · ph +m2h
ΠWh ≡ 1
m2t −m2W + 2pt · pb¯
. (8.50)
Furthermore, p ≡ pu+ pd¯ is the sˆ-channel 4-momentum at the quark level, and sˆ is defined to be
sˆ = p2.
The CP-violating piece of the tree-level differential cross-section is [225]:
Σˆ0− = 2
3/2
(
2πα
sin2 θW
)3 m2t
m2W
Π2WΠWhΠtb
h
t c
h × ǫ(pb¯, pd¯, pt, pu)× (f − st + w) , (8.51)
where st ≡ (pt + pb¯)2, f ≡ (pu − pd¯) · (pt + pb¯), w ≡ (pu + pd¯) · (pt + pb¯) and ǫ is the Levi-Civita
tensor.
For illustration, we adopt here also the value tanβ = 0.3. We fold in the structure functions
of the u and the d¯ inside the p and p¯, respectively, and plot in Fig. 61 the tree-level cross-
section for pp¯ → tb¯h + X, with c.m. energies of √s = 2 and √s = 4 TeV. Four possible
sets of the Higgs coupling constants aht , b
h
t and c
h were chosen. For illustrative purposes, the
first two sets of parameters which are chosen for a 2 TeV collider are: set I with tan β = 0.3,
{α1, α2, α3} = {π/4, π/2, 3π/4} and set II with tan β = 0.3, {α1, α2, α3} = {π/2, π/2, 0}. The
other two, chosen for a 4 TeV collider are: set III with tan β = 0.3, {α1, α2, α3} = {π/4, π/2, π/2}
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and set IV with tan β = 0.3, {α1, α2, α3} = {π/2, 3π/4, 3π/4}. The general feature of these sets
is that sets I and III give rise to a large CP asymmetry but “small” cross-section, while sets II
and IV increase the event rate but decrease the asymmetry. Also, note that each set by itself is
not unique, as there are other values of the angles α1, α2 and α3 for each set which lead to the
same effect.
As in the reaction e+e− → tt¯h discussed in section 6.2, we are dealing here with a tree-level
CP-violating effect. Thus the CP-violating term Σˆ0− can probe only CP asymmetries of the TN -
odd type. In this case the final state is not a CP eigenstate. Therefore, one has to construct a
TN -odd, triple correlation product (or equivalently, a Levi-Civita) which takes into account the
conjugate reaction as well (u¯d→ t¯bh) , thus endowing the observable with definite CP properties.
This led us to consider the following CP-odd, TN -odd observable
O = (ǫ(pu, pb¯, pt, ph) + ǫ(pu¯, pb, pt¯, ph))/s
2 . (8.52)
Fig. 62 shows the results for the signal to noise ratio, i.e., the asymmetry AO ≡< O >
/
√
< O2 >, for
√
s = 2 TeV with sets I and II and for
√
s = 4 TeV with sets III and IV.
Evidently, the asymmetry AO is of the order of 10-15% for a light Higgs particle in the mass
range 50 GeV < mh < 100 GeV and of the order of 20-30% for a heavy Higgs particle with mass
in the range 200 GeV < mh < 250 GeV, for both set II (which corresponds to a 2 TeV collider)
and set IV (which we chose for the 4 TeV collider). Sets I and III give asymmetries of the order
of a few percent. Although with these sets, i.e., sets I and III, the cross-section can be 10 times
larger than that corresponding to sets II and IV, the statistical significance of the CP-violating
effect that can be achieved when the free parameters of the 2HDM are chosen according to sets
I and III is much smaller than that with sets II and IV. This is simply due to the fact that the
number of events needed to detect the CP-violating effect scale as (asymmetry)−2. Therefore, the
enhanced effect for sets II and IV makes up for the reduced production rate in those scenarios.
Let us proceed by analyzing the two scenarios which give the large asymmetries. For the
reaction at hand, the statistical significance NSD of the CP-odd signal in the collider is
NSD =
√
L
√
σ(pp¯→ tb¯h+X)×AO (8.53)
where L is the collider luminosity. From Fig. 61 we see that σ(pp¯ → tb¯h + X) ∼ 0.1 − 10
fb, depending on the parameters aht , b
h
t and c
h and the neutral Higgs mass. Thus, since AO ∼
0.1 − 0.3 in the best cases, it is evident from Eq. 8.53 that, typically, an integrated luminosity
of about ∼ 100 fb−1 will be required to be able to observe a statistically significant effect in this
reaction. Therefore, although the CP asymmetry in this process could reach the 10-30% level, it
is, unfortunately, not likely to be able to produce a CP-violating signal in the next runs of the
Tevatron with L = 2 fb−1 and even with 30 fb−1.
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Figure 61: The cross-section for the reaction pp¯ → tb¯h + X (in fb), for (a): √s = 2 TeV and
for sets I (solid line) and II (dashed line), (b):
√
s = 4 TeV and for sets III (solid line) and IV
(dashed line). For the definition of the sets I,II,III and IV, see text.
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Figure 62: The asymmetry, AO (see text) as a function of mh for (a):
√
s =2 TeV with sets I
(solid line) and II (dashed line), (b):
√
s =4 TeV with sets III (solid line) and IV (dashed line).
For the definition of the sets I,II,III and IV, see text.
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9 CP violation in γγ collider experiments
Future electron-positron colliders include the attractive option of a linear γγ collider, where each
beam of photons is produced by Compton backscattering of laser light on an electron or positron
beam. The peak energies and luminosities of the γγ are expected to be slightly smaller than
those of the corresponding e+e− collider. The idea was originally suggested in [227, 228]; for
recent reviews see [229]. The attractive option of obtaining polarized photon beams is also being
considered. Note also that γγ collisions have been discussed in the context of heavy ion colliders
(for a review see [230]) as well. Unfortunately, the invariant γγ mass reach for the LHC (running
in its heavy ion mode), will only be about 100 GeV, with lower values attainable at RHIC [230].
Therefore, this option will not be discussed here.
9.1 γγ → X: general comments
In a γγ collider there are two distinguishable modes: unpolarized and polarized incoming photons.
In the unpolarized case, in order to be able to detect CP violation in the reaction γγ → tt¯
one needs information on the spins of the t and the t¯, or equivalently, one needs to construct
asymmetries involving the decay products of the top quark. In this case, including the subsequent
decays of the t and t¯, one can break the differential cross-section for the process
γ1(k1, λ1)γ2(k2, λ2)→ t(pt, st)t¯(pt¯, st¯) , (9.1)
to its CP-odd and CP-even parts as
dσ ≡ dσodd + dσeven . (9.2)
In Eq. 9.1 λ1, λ2 denote the helicities of the incoming photons γ1, γ2, respectively, and st, st¯
are the covariant spins of t, t¯, respectively.
In general, the CP-odd terms in Eq. 9.2 has the form
dσodd ∝ δ−~q · (~st × ~st¯) + δ+~q · (~st − ~st¯) , (9.3)
where ~q is a three momentum of any of the particles in the final or the initial state (i.e., ~q =
~k1, ~k2, ~pt or ~pt¯) and ~st(~st¯) is the spin three vectors of the t(t¯). δ− and δ+ are non-zero only
if there is CP violation in the underlying dynamics of the process γ1γ2 → tt¯. Furthermore, δ−
is proportional to the dispersive, CP-odd, TN -odd contributions, while δ+ gets its contribution
from absorptive, CP-odd, TN -even terms. Of course, as mentioned above, the CP-odd polarization
correlations of the top and the anti-top in Eq. 9.3 will lead to CP-odd correlations among the
momenta of the decay products of the t and the t¯. Asymmetries which involve the top decay
products in the case of the unpolarized photons were investigated in [175, 231].
If the incoming photons are polarized, then one can construct CP-odd correlations by using
linearly polarized photons where no information on the momenta and polarization of the top quark
decay products are needed. The amplitude squared for a general final state X, i.e., γγ → X, in
the case where the two photons are linearly polarized is given by [171]:
dΣ(η, η¯;χ, φ) = Σunpol − 1
2
[η cos(φ+ χ) + η¯ cos(φ− χ)]ℜe (Σ02)
+
1
2
[η sin(φ+ χ)− η¯ sin(φ− χ)]ℑm (Σ02)
− 1
2
[η cos(φ+ χ)− η¯ cos(φ− χ)]ℜe (∆02)
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+
1
2
[η sin(φ+ χ) + η¯ sin(φ− χ)]ℑm (∆02)
+ ηη¯ cos(2φ)ℜe (Σ22) + ηη¯ sin(2φ)ℑm (Σ22)
+ ηη¯ cos(2χ)ℜe (Σ00) + ηη¯ sin(2χ)ℑm (Σ00). (9.4)
Here η, η¯ are the degrees of linear polarization of the two initial photons, χ and φ are the azimuthal
angle difference and sum, respectively, and the invariant functions are defined as [171]:
Σunpol =
1
4
∑
X
[
|M++|2 + |M+−|2 + |M−+|2 + |M−−|2
]
, (9.5)
Σ02 =
1
2
∑
X
[
M++(M
∗
+− +M
∗
−+) + (M+− +M−+)M
∗
−−
]
, (9.6)
∆02 =
1
2
∑
X
[
M++(M
∗
+− −M∗−+)− (M+− −M−+)M∗−−
]
, (9.7)
Σ22 =
1
2
∑
X
(M+−M∗−+) , (9.8)
Σ00 =
1
2
∑
X
(M++M
∗
−−) . (9.9)
The subscripts 0 and 2 in Eqs. 9.6 - 9.9 represent the magnitude of the sum of the initial photon
helicities and the notation for the helicity amplitudes for the reaction γ1(λ1)γ2(λ2) → X using
Eqs. 9.5 - 9.9 is
Mλ1λ2 = 〈X|M |λ1λ2〉 . (9.10)
Furthermore, the event rate of any final state production through γγ fusion can be written in
general as [232]:
dN = dLγγ
3∑
i,j=0
< ξ
(i)
1 ξ
(j)
2 > dσ
ij , (9.11)
where ξ
(i)
1 (ξ
(j)
2 ) are the so called Stokes polarization parameters for γ1(γ2) with ξ
(0)
1 = ξ
(0)
2 = 1. In
particular, ξ
(2)
1 and ξ
(2)
2 are the mean helicities of γ1 and γ2, respectively, and
√
(ξ
(1)
i )
2 + (ξ
(3)
i )
2
are their degrees of linear polarization. Also, dLγγ is the luminosity of the two photons and σij
are the corresponding cross-sections.
There are only three CP-odd functions out of the nine invariant functions in Eqs. 9.5 - 9.9:
ℑm (Σ02), ℑm (Σ00) and ℜe (∆02). While ℑm (Σ02) and ℑm (Σ00) are TN -odd, ℜe (∆02) is TN -
even. A CP-odd asymmetry can be formed at a γγ collider if, for example, the J = 0 amplitudes
of two photons in the CP-even and CP-odd states are both non-vanishing:
M [γγ → X(CP = +)] ∝ ~ǫ1 · ~ǫ2 ,
M [γγ → X(CP = −)] ∝ (~ǫ1 × ~ǫ2) · ~k1 , (9.12)
where ~ǫ1 and ~ǫ2 are the polarizations of the two colliding photons and ~k1 is the momentum vector
of one photon in the γγ c.m. frame. Such an asymmetry can be constructed, for example, by
taking the difference of distributions at χ = ±π/4 [171, 233]:
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A00 ≡ ℑm (Σ00)
Σunpol
=
∫ 4π
0 dφ
[ (
dσ
dφ
)
χ=π
4
−
(
dσ
dφ
)
χ=−π
4
]
∫ 4π
0 dφ
[ (
dσ
dφ
)
χ=π
4
+
(
dσ
dφ
)
χ=−π
4
] . (9.13)
Alternatively, in terms of event rates which correspond to the (0,0) and the unpolarized initial
photon-photon states this reads
A00 =
N00
Nunpol
. (9.14)
9.2 γγ → tt¯ and the top EDM
Recall that a top EDM, i.e., dγt , modifies the SM tt¯γ coupling to read
Γµ = ie
2
3
γµ + id
γ
t σµν γ5 (pt + pt¯)
ν , (9.15)
and CP violation arising due to this EDM of the top can be studied in the reaction γ1γ2 → tt¯ of
Eq. 9.1.
The relevant lowest order Feynman diagrams for γγ → tt¯ are shown in Fig. 63 wherein the
top EDM can be folded into any of the tt¯γ vertices in those two diagrams. We note however
again that, in general, the CP-violating effects in γγ → tt¯ can not necessarily be all attributed
to the top quark EDM. For example, in a 2HDM (see next section) additional box diagrams can
give rise to CP-nonconserving terms in the amplitude of the reaction γγ → tt¯.
1γ,    ,µ
p
tt, 
2γ,    ,νk2γ,    ,ν
t, pt
k k
t
1γ,    ,µ
p
tt, 
pt, 
k
Figure 63: Lowest order Feynman diagrams for the process γµ1 (k1)γ
ν
2 (k2)→ t(pt)t¯(pt¯). µ and ν
are Lorenz indices
With the notation M(λ1, λ2, λt, λt) for the amplitude, where λ1, λ2, λt and λt correspond to
the helicities of the two incoming photons, the top quark and the top anti-quark, respectively,
the non-vanishing helicity amplitudes for the process in Eq. 9.1, obtained for combinations such
as λ2 = λ1 = λγ or λ2 = −λ1 = λγ and λt¯ = λt or λt¯ = −λt, are given by [171, 233, 234]:
M(λγ , λγ , λt, λt) = −4Ctmt√
s
{(λγ + λtβt)
−i dγt 2mt
[
2 +
s
4m2t
βt(βt − λtλγ) sin2 θt
]
+(dγt )
2 sλγ
2
[
4m2t
s
+ βt(βt − λγλt) sin2 θt
]}
,
(9.16)
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M(λγ , λγ , λt,−λt) = −4mtCt
×βt sin θt cos θt
[
λγ i d
γ
t −mt (dγt )2
]
, (9.17)
M(λγ ,−λγ , λt, λt) = 4Ctmt√
s
×
[
λt βt + i d
γ
t
s
2mt
β2t − (dγt )2
s
2
λtβt
]
sin2 θt ,
(9.18)
M(λγ ,−λγ , λt,−λt) = 2Ctβt sin θt {(λγλt + cos θt )
−(dγt )2
s
2
[
4m2t
s
cos θt + λγλt(1− β2t cos2 θt)
]}
,
(9.19)
where θt is the scattering angle in the c.m. frame and βt is the top quark velocity and Ct =
e2Q2t/(1− β2t cos2 θt).
The CP-odd TN -odd distribution ℑm (Σ00) defined in Eq. 9.9 depends linearly on dγt and is
given by [171]:
ℑm (Σ00) = 24
(
1− β2t cos2 θt
)
ℜe (dγt ) , (9.20)
and the asymmetry A00 defined in Eq. 9.14 can then be calculated [171, 233]. After extracting
the top EDM from A00 and defining A00 ≡ ℜe (κ˜γ)A˜00, where κ˜γ ≡ 2mtdγt /e is a dimensionless
EDM form factor, as in Eq. 6.108, one obtains the allowed sensitivity (i.e., NSD = number of
standard deviations) to the dispersive part, ℜe (κ˜γ), in the case that no asymmetry is found
Max(|ℜe (κ˜γ)|) =
√
2NSD
|A˜00
√
εNunpol|
, (9.21)
where ε is the detection efficiency which was taken to be 10% in [171]. The kinematics of the
Compton backscattering process at hand is characterized in part by the dimensionless parameter
x ≡ 2pe · pγ/m2e. Larger x values are favored to produce highly energetic photons but the degree
of linear polarization is larger for smaller x values (for more details see [171]). In particular, the
denominator on the r.h.s. of Eq. 9.21 depends on x, which for a given c.m. energy squared, s, is
bounded by
2mt√
s− 2mt ≤ x ≤ 2(1 +
√
2) , (9.22)
for the process γγ → tt¯ where the upper bound is required to prevent e+e− pair production in
the scattering of the photon while the lower bound is required to have photons energetic enough
to produce top pairs.
In [171] the x dependence of the ℜe (κ˜γ) upper bound, i.e. Max(|ℜe (κ˜γ)|), was given which is
shown in Fig. 64 for two c.m. energies
√
s = 0.5 and 1 TeV. We see that Max(|ℜe (κ˜γ)|) can reach
below 0.1 where the optimal sensitivities are obtained with x = 3.43 and x = 0.85 for
√
s = 0.5
and 1 TeV, respectively. For these x values, and to 1-σ, the upper bounds that can be achieved
are: ℜe (κ˜γ) = 0.16 and ℜe (κ˜γ) = 0.02 for
√
s = 0.5 and 1 TeV, respectively. This corresponds
to ℜe (dγt ) ≈ 0.9 × 10−17 and 0.1 × 10−17 e-cm for
√
s = 0.5 and 1 TeV, respectively.
Different type of asymmetries which involve the polarization of both the initial photons beams
and the decay products of the t and t¯ (e.g., t→ b ℓνℓ) in the reaction γγ → tt¯, were suggested in
[234]. The first one is a charge asymmetry, Ach, which measures the difference between the number
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of leptons and anti-leptons produced as decay products of the top and anti-top, respectively. The
second, AFB, is a sum of the forward-backward asymmetries of the leptons and anti-leptons and
requires polarized laser beams. In terms of the differential cross-sections these asymmetries are
given by
Ach(θ0) =
∫ π−θ0
θ0
dθℓ
(
dσ+
dθℓ
− dσ
−
dθℓ
)
∫ π−θ0
θ0
dθℓ
(
dσ+
dθℓ
+
dσ−
dθℓ
) (9.23)
and
AFB(θ0) =
∫ π
2
θ0
dθℓ
(
dσ+
dθℓ
+
dσ−
dθℓ
)
−
∫ π−θ0
π
2
dθℓ
(
dσ+
dθℓ
+
dσ−
dθℓ
)
∫ π−θ0
θ0
dθℓ
(
dσ+
dθℓ
+
dσ−
dθℓ
) . (9.24)
where dσ
+
dθℓ
and dσ
−
dθℓ
refer to the ℓ+ and ℓ− distributions in the c.m. frame, respectively, and θ0 is
a cutoff on the polar angle of the lepton. It is important to note that if there is no CP violation
in the top decays, then the charge asymmetry is zero in the absence of the cutoff θ0.
Both Ach and AFB are TN -even asymmetries, thus they probe the imaginary part of the top
EDM, ℑm (dγt ). In [234], the case where one of the t or t¯ decays leptonically and the other
decays hadronically, was studied 33. Also, it was assumed that no CP violation enters these
top decays. The asymmetries Ach and AFB were then evaluated in the γγ c.m. frame and 90%
C.L. limits on the top EDM, in the case that no asymmetry is found in the experiment, were
obtained. The 90% C.L. limits were evaluated for different electron and laser beam energies as
well as for different cutoff angles. Also, different helicity combinations of the initial beam and
different values of the dimensionless parameter x defined before (see Eq. 9.22 and the discussion
above), were analyzed. They found that for an electron beam energy of 250 GeV, and for a
suitable choice of circular polarizations of the laser photons and longitudinal polarizations for the
electron beams, and assuming a luminosity of 20 fb−1 for the electron beam, in the best cases
and in an ideal experiment, it is possible to obtain limits on the imaginary part of the top EDM,
again, of the order of 10−17e-cm. However, an order of magnitude improvement may be possible
if the beam energy is increased to 500 GeV [234].
To conclude this section, the reaction γγ → tt¯ can serve to limit both the real and the
imaginary parts of the top EDM. However, it is worth mentioning that the limits that may be
placed on the top EDM through a CP study in γγ → tt¯ are roughly comparable to those which
might be obtained through a study of the reaction e+e− → tt¯ at the NLC (for comparison see
section 6.1). Therefore, the motivation for going to a γγ collider in order to study effects of
the top EDM is somewhat arguable. On the other hand, model calculations of CP violation in
γγ → tt¯, such as the one described below, i.e., a 2HDM, show that CP-nonconserving signals in
this reaction, which are not necessarily associated with the top EDM, may be sizable; i.e., at the
detectable level in a future photon collider.
33then the asymmetries correspond to samples A and A¯ defined in Eqs. 6.79 and 6.80 in section 6.2.3
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Figure 64: The x dependence of the ℜe (κ˜γ) upper bound, i.e., Max(|ℜe (κ˜γ)|), at
√
s =0.5 TeV
(solid line) and 1 TeV (dashed line), from the asymmetry A00. Figure taken from [171].
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9.3 γγ → tt¯ and s-channel Higgs exchange in a 2HDM
A γγ collider can also provide an interesting possibility for producing an s-channel neutral Higgs-
boson, via γγ → h, which can then decay to a pair of fermions, h → f f¯ (recall that a related
process was considered in the context of a pp collider in section 7.3.2). Once again, h stands for
the lightest neutral Higgs-boson in a MHDM and the other neutral Higgs particles are assumed
to be much heavier, thus, neglecting their contribution in what follows.
The decay of a neutral Higgs, for mh > 2mt, to a pair of tt¯ will inevitably dominate the other
fermionic decays of the Higgs due to the largeness of the top mass. CP violation in the reaction
γγ → tt¯ was investigated within a MHDM in [231] for unpolarized incoming photons, where the
effects of the s-channel Higgs were included. In [232] polarized laser beams were considered for
the s-channel neutral Higgs production, γγ → h.
In [231] the complete set of CP-nonconserving contributions to γγ → tt¯, at the 1-loop order,
were considered within a 2HDM of type II. Recall that, in the SM, CP violation cannot occur
in this process at least to 2-loop order. This set of 1-loop Feynman diagrams is depicted in
Figs. 65(b)-65(h) and Fig. 65(a) represents the only tree-level diagram for this process; this
tree-level diagram and its permuted one are also shown in Fig. 63.
We define Mi to be the amplitude for a diagram i in Fig. 65 (i.e., i = a, ..., h) where we
further decomposeMi to its CP-odd partModdi and CP-even partMeveni : Mi =Moddi +Meveni .
Then, to leading order, the CP-odd (dσodd) and the CP-even (dσeven) parts of the differential
cross-section are given by
dσodd = 2ℜe
∑
γ pol.
h∑
i=b
MaModd †i , (9.25)
dσeven =
∑
γ pol.
MaM†a + h∑
i=f
2ℜeMaMeven †i
 . (9.26)
Note that the CP-even contribution from the interference of the s-channel Higgs graphs Fig. 65(f)-
65(h) with the Born amplitude of Fig. 65(a), which is explicitly included in Eq. 9.26, can become
important and was taken into account in [231] because of the non-negligible width of the Higgs.
Also, the CP-odd interference in Eq. 9.25 will give rise to the simple form of dσodd in Eq. 9.3.
Again, to efficiently trace the CP-odd spin correlations in Eq. 9.3, one defines a tt¯ decay
scenario where the t decays leptonically and the t¯ decays hadronically and vice versa. As in
Eqs. 6.79 and 6.80 in section 6.2.3, we denote by A the decay sample in the case that the top
decays leptonically and the anti-top decays hadronically, and by A¯ the charged conjugate decay
sample [175, 231].
With these decay scenarios one can evaluate a few CP-odd asymmetries of both the TN -
odd and TN -even type which may acquire a non-vanishing value only if δ− 6= 0 and δ+ 6= 0,
respectively (see Eq. 9.3). To do so, let us define for sample A, i.e., t → W+b → ℓ+νℓb and
t¯→W−b¯→ qq¯′b¯, the following operators
O1 = (qˆℓ+ × qˆ∗W−) · pˆt¯ , (9.27)
O2 = Eℓ+ , (9.28)
O3 = qˆℓ+ · pˆt¯ , (9.29)
where the asterisk denotes the t(t¯) rest frame. The corresponding ones for the sample A¯ are
O¯1 = (qˆℓ− × qˆ∗W+) · pˆt , (9.30)
O¯2 = Eℓ− , (9.31)
O¯3 = qˆℓ− · pˆt . (9.32)
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Thus, the CP-odd asymmetries are constructed as [175, 231]:
TN − odd : α1 =< O1 > + < O¯1 > , (9.33)
TN − even : α2,3 =< O2,3 > − < O¯2,3 > . (9.34)
To calculate the above asymmetries one has to fold in the distribution functions of the backscat-
tered laser photons (for more details see [175, 231]). Also, one has to choose a definite scheme
for the type II 2HDM couplings aht and b
h
t of a neutral Higgs particles to a pair of tt¯ in Eq. 3.70.
Recall that the scalar ath and pseudoscalar b
t
h couplings are functions of the neutral Higgs mixing
matrix Rji in Eq. 3.73 and of the ratio between the two VEV’s tan β (see section 3.2.3). In
particular, as in [175, 231], assuming that the other two neutral Higgs of the model are much
heavier than h such that their mass lies above the γγ c.m. energy, their contribution is neglected.
Also, the mass of the charged Higgs-boson was taken as mH± = 500 GeV and Rj1 = 1/
√
3 for
j = 1, 2, 3 was assumed (see Eq. 3.73).
Let us present a sample of the results that were obtained in [175, 231]. The TN -odd asymmetry,
i.e., the signal to noise ratio α1/∆α1, is shown in Fig. 66 and the TN -even asymmetry ratio
α3/∆α3 is depicted in Fig. 67. The asymmetries are plotted for various values of tan β. In
Fig. 66 tan β = 0.5 (dashed line) and tan β = 1 (solid line) were used, while in Fig. 67 tan β = 0.3
(dashed line) and tan β = 0.627 (solid line) were chosen. In those figures an e+e− collider energy
of
√
s = 500 GeV was taken, and the asymmetries were plotted for the above values of the 2HDM
free parameters and as a function of the lightest Higgs mass.
We see from Figs. 66 and 67 that both the CP-odd TN -odd asymmetry, α1, and the CP-
odd TN -even asymmetry, α3, peak twice. First when the mass of the Higgs is close to the tt¯
threshold and then when it is close to the maximal γγ energy. With mh ≈ 350 or 400 GeV
these asymmetries can reach above 10%. In particular, α3 would lead to a somewhat higher
CP-violating signal and we see from Fig. 67 that, for tan β = 0.3, |α3|/∆α3 is above the 10%
level in almost the entire mass range 100 GeV < mh < 500 GeV, and peaks around mh ≈ 2mt at
50%. Recall that the statistical significance N iSD of the CP-violating signal that can be measured
with a CP-odd asymmetry αi is given by
N iSD =
|αi|
∆αi
√
Nexp , (9.35)
whereNexp = RA,A¯×Lσ0 is the number of expected events, with RA,A¯ the branching ratios for the
decay scenarios A, A¯, respectively, and assuming a reconstruction efficiency of 1. Furthermore,
L is the collider integrated luminosity and σ0 is the cross-section which, in the leading order, is
calculated from dσeven in Eq. 9.26. With L = O(102) fb−1 the expected number of γγ → tt¯ events
is of the order of few× 103 for collider c.m. energies of 500− 700 GeV. Thus, for example, if we
take RA,A¯ = 4/27 such that only leptonic top decays into electrons and muons are considered,
then an asymmetry larger than 10% will correspond to a signal-to-noise ratio above the 3-σ level
[175].
As previously discussed, if the polarization of the backscattered photons is adjustable then
CP asymmetries involving these polarizations can be constructed and they, in turn, can serve
as an efficient tool for investigating the CP properties of the neutral Higgs-boson. Three such
polarization asymmetries were suggested in [232]:
P1 ≡ |M++|
2 − |M−−|2
|M++|2 + |M−−|2 , (9.36)
P2 ≡ 2ℑm (M
∗−−M++)
|M++|2 + |M−−|2 , (9.37)
P3 ≡ 2ℜe (M
∗−−M++)
|M++|2 + |M−−|2 . (9.38)
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In the helicity basis, one can choose the polarization of γ1 (moving in the +z direction) as: ǫ
±
1 =
∓2−1/2(0, 1,±i, 0), and that of γ2 (moving in the −z direction) as: ǫ±2 = ∓2−1/2(0,−1,±i, 0).
To understand how the above polarization asymmetries (P1,2,3) trace the CP properties of the
neutral Higgs, note that a CP-even (CP-odd) scalar couples to two photons via FµνF
µν(Fµν F˜
µν)
(see [232] and references therein). Therefore, as implied from Eq. 9.12, in the c.m. of the two
photons this will yield a coupling proportional to ~ǫ1 · ~ǫ2 ((~ǫ1 × ~ǫ2)z) for a CP-even (CP-odd)
neutral Higgs to a γ1γ2 pair.
For the above convention of the polarizations one finds
~ǫ1 · ~ǫ2 = −1
2
(1 + λ1λ2) , (~ǫ1 × ~ǫ2)z = i
2
λ1(1 + λ1λ2) , (9.39)
where λ1, λ2 = ±1 are the helicities of γ1, γ2, respectively. Now, for a mixed CP state, the general
amplitude to couple to γ1γ2 will have both the CP-even and the CP-odd pieces in Eq. 9.12 and
it can be written as
M = δeven~ǫ1 · ~ǫ2 + δodd(~ǫ1 × ~ǫ2)z , (9.40)
where δeven(δodd) is the CP-even (CP-odd) coupling strength of the neutral Higgs to the two
photons. Using Eq. 9.39, the squares of the helicity amplitudes which appear in P1,2,3 can be
readily calculated [232]:
|M++|2 + |M−−|2 = 2(|δeven|2 + |δodd|2) , (9.41)
2ℜe (M∗−−M++) = 2(|δeven|2 − |δodd|2) , (9.42)
|M++|2 − |M−−|2 = −4ℑm (δevenδ∗odd) , (9.43)
2ℑm (M∗−−M++) = −4ℜe (δevenδ∗odd) , (9.44)
where δeven and δodd are given in [232] for a 2HDM with scalar and pseudoscalar couplings of a
neutral Higgs to a pair of fermions. It is then evident that P1,P2 6= 0 and |P3| < 1 only if both
δeven, δodd 6= 0. That is, only if both the CP-even and the CP-odd couplings are present.
Using Eq. 9.11, for the Higgs-boson production of our interest, one gets [232]:
dN = dLγγdΓ1
4
(|M++|2 + |M−−|2)
×
[
(1+ < ξ
(2)
1 ξ
(2)
2 >) + (< ξ
(2)
1 > + < ξ
(2)
2 >)P1
+(< ξ
(3)
1 ξ
(1)
2 > + < ξ
(1)
1 ξ
(3)
2 >)P2
+(< ξ
(3)
1 ξ
(3)
2 > − < ξ(1)1 ξ(1)2 >)P3
]
, (9.45)
where dΓ is the appropriate element of the final state phase space including the initial state
flux factor. Note that the properties of dLγγ and of the various ξ’s (appearing in Eq. 9.45) as
a function of the c.m. energy of the two photons are very important for this discussion as they
depend strongly on the polarization of the incoming electrons and associated photons. Instead of
presenting a detailed analysis of those parameters and the numerical results, we refer the reader
to [232]. We will only give their summary for a general 2HDM in which the CP properties of
a single neutral Higgs have to be determined. In particular, it was found in [232] that out of
the three polarization asymmetries defined in Eqs. 9.36- 9.38, P1 provides the best statistical
significance for the task at hand. A non-zero value for P1 requires that the hγγ coupling has
an imaginary part, as well as both CP-even and CP-odd contributions. For a mixed CP Higgs-
boson with mh ∼< 2mW , a measurement of P1 will be easiest if tan β is large since the b-quark
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loop, which makes the only large contribution to the imaginary part for such mh values, will be
enhanced. For mh > 2mW , the required imaginary part is dominated by the W -boson loop (or
t-quark loop if mh is also > 2mt); large tan β makes detection more difficult since the dominant
CP-odd contribution originates from the t-quark loop, which will be suppressed.
To summarize, the production of a neutral Higgs-boson by fusion of backscattered laser beams
can provide a systematic analysis of the CP properties of the Higgs particle. In particular,
γγ → h→ tt¯ would be a promising channel for exploring CP-violating effects that can arise from
an extended Higgs sector, as for quite a large range of the 2HDM parameter space this reaction
can exhibit statistically significant CP-nonconserving signals in a high energy γγ collider running
at c.m. energy of
√
s ≃ 500 GeV. Moreover, if the polarizations of the incoming photons are
controlled, then detailed information on both the scalar and the pseudoscalar couplings of the
neutral Higgs to a pair of fermions may be extracted by considering polarization asymmetries
of the two colliding photons. If the neutral Higgs is a pure CP eigenstate, the polarization
asymmetries P1 and P2 in Eqs. 9.36 and 9.37 will vanish, while, in Eq. 9.38, P3 = 1 (−1) for a
CP-even (odd) neutral Higgs. Therefore, a non-vanishing value for P1 and P2 and P3 < 1 will
imply the existence of an extended Higgs sector beyond the SM and of CP violation in the scalar
potential.
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Figure 65: Feynman diagrams for γγ → tt¯. In (a) the Born diagram is shown (see also Fig. 63),
and in (b)-(h) the complete set of 1-loop diagrams that can violate CP are depicted. Diagrams
with crossed lines are not shown.
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Figure 66: The ratio α1/∆α1 as a function of the lightest Higgs-boson mass, mh, at
√
s =0.5
TeV. The dashed line corresponds to tan β =0.5 and the solid line to tan β =1; mt =175 GeV.
Figure taken from [231].
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Figure 67: The ratio α3/∆α3 as a function of the lightest Higgs-boson mass, mh, at
√
s =0.5
TeV. The dashed line corresponds to tan β =0.3 and the solid line to tan β =0.627; mt =180
GeV. Figure taken from [175].
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10 CP violation in µ+µ− collider experiments
The idea to build a high energy µ+µ− collider is more than 25 years old [235]. It has recently
gained interest in part due to the interesting possibility of using it as an “s-channel Higgs factory”.
Of course, it may also be suitable for tackling some other physics issues, e.g., SUSY. For recent
reviews see [236]. The c.m. energies considered range from 100 GeV to 4 TeV or even more,
with luminosity comparable or higher than in linear e+e− colliders. The subject is still in its
infancy compared with the more established technologies of linear e+e− colliders, and of hadronic
colliders such as the Tevatron or the LHC.
10.1 µ+µ− → tt¯
If there exists a Higgs-boson with mass of a few hundred GeV, a muon collider running at the
Higgs resonance can provide the fascinating and unique possibility of an in-depth study of the
Higgs particle in the s-channel. In particular, the CP-violating properties of its coupling to tt¯
may be studied via the reaction
µ+µ− →H → tt¯ , (10.1)
where we have generically denoted the neutral Higgs resonance under study by H.
It is perhaps surprising that Higgs-bosons can be produced at an appreciable rate at a muon
collider. Indeed, the Hµµ coupling is very small since it is proportional to the mass of the muon,
mµ. On the other hand, if the c.m. energy of the accelerator can be tuned to be at s = m
2
H, then
the cross-section receives appreciable enhancement due to the resonant production of the Higgs.
To see how this works, consider a collider tuned precisely at the Higgs resonance, s = m2H, then
the cross-section σH ≡ σ(µ+µ− → H) for neutral Higgs-boson production is given by
σH =
4π
m2H
Bµ , (10.2)
where Bµ is the branching ratio of H → µ+µ−. It is useful to compare this with the point
cross-section
σ0 = σ(µ
+µ− → γ∗ → e+e−) . (10.3)
Thus
R(H) = σH
σ0
=
3
α2
Bµ , (10.4)
where α is the fine-structure constant. Therefore, σH and R(H) are enhanced if the neutral Higgs
has a narrow width, i.e., a relatively large Bµ = Γ(H → µ+µ−)/ΓH.
One simple way to study CP violation at a muon collider is via the decays H → tt¯. CP-
violating correlations can be studied in the decays of the produced tt¯ pair. Again, this is possible
due to the fact that the weak decays of the top quark are very effective in analyzing the top spin
(see section 2.8).
10.1.1 A general model for the Higgs couplings
To keep the discussion completely general we will assume that a single neutral Higgs-boson, H,
is under study although the underlying model may contain several Higgs doublets. In practice,
of course, the muon collider will only be tuned to one Higgs resonance at a time.
In section 3.2.3 we have written an example of a useful parameterization for theHf f¯ (f =fermion)
interaction (see Eq. 3.70), taking into account possible CP violation in this vertex due to an ex-
tended Higgs sector. It is, however, also instructive to introduce a different notation - somewhat
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more compact - which is useful for the investigation at hand. Let us therefore parameterize the
coupling of H to fermions with the Feynman rule [237]:
CHff = iC0ffχfe
iγ5λf , (10.5)
where C0ff = −(gW /2)(mf/mW ) is the coupling in the SM and χf for each fermion f (e.g. f = l
(i.e. a charged lepton), u, d) is a real constant which gives the magnitude of the coupling in
relation to the standard model. The CP nature of the coupling is determined by the value of λf .
In particular, λf which is not a multiple of π/2 is indicative of CP violation since the coupling
will then contain both scalar and pseudoscalar components.34 CP violation is thus essential in
any scalar coupling which is not either pure scalar or pseudoscalar and so learning about λ is
equivalent to investigating CP violation in H → f f¯ .
Moreover, in models with an extended Higgs sector the coupling of H to the boson sector of
the theory may be characterized as either scalar, H, or pseudoscalar, A. If H = A then it cannot
couple to gauge-bosons while if H = H we can parameterize its coupling to two vector-bosons as
CHV V = CV cos α˜ , (10.6)
where, again, CV is the coupling in the SM, V = Z or W , given by (see also Eq. 3.71)
CW = mW gW , CZ = mZgW /cosθW , (10.7)
and α˜ is the angle between the observed Higgs-boson H and the orientation of the vacuum in the
Higgs space.
The mass eigenstate could also be a mixture of H and A which again would violate CP. This
aspect of CP violation in the Higgs sector can lead to enhanced CP violation if the two masses
are close together as discussed in section 10.1.3. Such mixing could also lead to a CP-violating
coupling to fermions (Eq. 10.5) whose implications will be discussed in the following pages.
In the following sections we will consider a number of methods to investigate CP-violating
couplings of the s-channel neutral Higgs-boson to top quarks at a muon collider. We first consider
the reaction µ+µ− → tt¯. Note that in this reaction both initial and final states are CP eigenstates.
Furthermore, there is no CP-odd observable that one can construct out of the total cross-section
(such as a partial rate asymmetry); if one considers angular distributions of the final t-quark,
such distributions depend only on the angle θµt, i.e., the angle between the µ
− and the t-quark
momenta in the c.m. frame. Since cos θµt is a C-even P-even quantity we clearly need more
information if we are to observe CP violation. Indeed, if the dominant amplitude is mediated by
scalar exchange the angular distribution will be isotropic in any case.
To construct CP-violating observables we therefore need information about the polarization
of the fermions: either the final state tt¯ or the initial state µ+µ−. In section 10.1.2 we consider
the use of correlations in the top polarization in µ+µ− → H → tt¯ to measure the CP-violating
parameter of Htt¯ coupling, i.e., sin 2λt, where λt is the angle in Eq. 10.5.
In section 10.1.3 we consider measurement of CP violation in the same reaction (µ+µ− →
H → tt¯) except this time the asymmetry we construct is based on polarized muons. Clearly, to
perform such experiments it is necessary to have a muon collider capable of producing muons
with a significant polarization.
Finally in section 10.2 we consider the possibility of flavor changing neutral Higgs couplings
which could give rise to CP violation in the reaction µ+µ− → tc¯ versus µ+µ− → t¯c. Large
couplings of this sort may be expected in 2HDM of type III which is described in some detail
in section 3.2.2. Here again the use of top and/or muon polarization is essential to obtain CP-
violating signals.
34We note that in the language of the interaction Lagrangian in Eq. 3.70, λf 6= π/2 corresponds to having
aHt , b
H
t 6= 0, where aHt (bHt ) is the scalar(pseudoscalar) H coupling to a tt¯ pair.
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10.1.2 Decay correlation asymmetry
Let us now consider the case of a muon collider where unpolarized muons produce tt¯ through
µ+µ− → H → tt¯. Thus, in order to learn about the coupling in Eq. 10.5, we can observe the
polarization of the top quarks through their decays [237], which is discussed extensively in section
2.8.
Here we will just consider the determination of top polarization by its correlation with the
momentum of a particle in various decay modes. Thus, if X is a decay product of a top decay,
we define the “analyzing power”:
ǫtX ≡ 3〈cos θX〉 , (10.8)
where θX is the angle between ~pX and the spin of the top in the top rest frame.
Let us now extend this idea to study the correlations of the polarizations of the top quarks
where the polarizations are indicated by the momenta of specific decay particles. As discussed
in section 2.8, for the case of a single polarized top, some further optimization may follow from
going beyond this which we do not consider here.
Following [237], we work in the rest frame of the Higgs-boson with the t momentum along
the z axis. Let each of the t-quarks undergo a decay which can analyze the top polarization.
Let xi and xj be the outgoing particles which we wish to correlate with the t and t¯ polarization
respectively; for instance, the lepton or W±. Also let yi and yj denote the rest of the decay
products. Thus the two decays are t → xiyi and t¯ → x¯j y¯j. We can then define the azimuthal
angle between ~pxi and ~px¯j projected on to the x, y plane as:
sin(φij) =
(
~pxi × ~px¯j
)
· ~pt
|~pxi ||~px¯j ||~pt|
. (10.9)
The azimuthal differential distribution of t and t¯ events is then given by
dΓ
Γdφij
= 1− π
2
16
ǫtiǫ
t
jρt cos 2λt cosφij +
π2
16
ǫtiǫ
t
jηt sin 2λt sinφij . (10.10)
The coupling λt is defined in Eq. 10.5 for f = t and ǫ
t
i, ǫ
t
j are the analyzing power of the decays
(defined by Eq. 10.8). Also, ρt, ηt are phase space factors which approach 1 as mH >> 2mt.
They are given by
ρt = − 1− β
2
t − (1 + β2t ) cos 2λt
cos 2λt[1 + β
2
t − (1− β2t ) cos 2λt]
, (10.11)
ηt =
βt
1− (1− β2t ) cos2 λt
, (10.12)
where βt =
√
1− 4m2t/m2H.
We may now define the following CP-violating, TN -odd, P -odd, azimuthal asymmetry by
Atij =
Γ(sinφij > 0)− Γ(sinφij < 0)
Γ(sinφij > 0) + Γ(sinφij < 0)
. (10.13)
From the distribution above, the value for this observable will be
Atij =
π
8
ǫtiǫ
t
jηt sin 2λt . (10.14)
For each pair i, j of top decays that can be used to analyze the polarization of the t and t¯,
one will obtain an experimental value of Atij from which one can infer the value of the quantity
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sin 2λt. Clearly we would like to combine the information from all of the modes together in
order to obtain better statistical significance for the determination of sin 2λt. To combine the
asymmetries from different pairs of modes {i, j} in an optimal fashion we form a weighted average
of the asymmetries defined by a set of weights wij with the normalization defined by:∑
wijBiBj =
∑
BiBj , (10.15)
where the summation is over the modes under observation and Bi is the branching ratio of mode
i.
The total weighted asymmetry is thus defined as
At =
∑
wijA
t
ijBiBj , (10.16)
which is maximized by taking wij ∝ Atij [16]. With these weights, then, the maximal asymmetry
is
At =
π
8
(ǫt)2ηt sin 2λt , (10.17)
where
ǫt =
[∑
Bi(ǫ
t
i)
2
]1/2
. (10.18)
Now, for the top quark, the branching ratio into electron or muon, Be = Bµ ∼ 19 and the analyzing
power is ǫte ∼ ǫtµ = 1. For decays (of W ) into hadrons (i.e., jets), Bh = 23 with ǫth = .39. The
decays into τ have, Bτ =
1
9 and the analyzing power is taken to be the same as into the jet
modes, ǫtτ = .39. Using these we can then deduce, via Eq. 10.18
ǫt ≃ .58 . (10.19)
In order to quantify how well such experiments might detect CP violation, let us define yˆ
(3σ)
j
to be the number of years needed to accumulate a 3σ signal for the CP asymmetry, Aj , in the
final state j. Then
yˆ
(3σ)
j = 9
R0j +RHB(H → j)
(Aj)2R
2
HB(H → j)2σ0L
, (10.20)
where L is the integrated luminosity per year, σ0 is the cross-section for µ+µ− → γ∗ → e+e−
and for a final state X, RX = σ(µ
+µ− → X)/σ0. In the above R0j is Rj from SM processes only,
which needs to be included as it contributes to the background.
Note that the interference between the SM and the Higgs exchange will be negligible; from
helicity considerations, such an interference term will be suppressed by mµ/mH. The SM does
however contribute as a background, hence the term R0j in the numerator of Eq. 10.20. We must
also consider the effect of all of the other decay modes of the Higgs taken together since RH is
proportional to Bµ and hence inversely proportional to the total width (see Eq. 10.2). To get an
idea of how large the CP-violating effects can be, we consider yˆ
(3σ)
j as a function of mH ≡
√
s in
fig. 68 in a number of different scenarios:
1. H = H with χf = 1 and λf = 45◦ for all fermions and α˜ = 45◦.
2. H = A with χf = 1 and λf = 45◦ for all fermions.
3. H = A with χl = χd = 5 and χu = 1/5, λf = 45◦ for all fermions.
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Figure 68: The values of yˆ(3σ) (i.e., the number of years required for a 3σ effect) for the three
scenarios discussed in the text obtained in [237]. The solid line is yˆ
(3σ)
tt¯ for scenario (1) using top
polarization correlation. The upper dash-dot line is yˆ
(3σ)
tt¯ for scenario (2) using top polarization
correlation while the lower dash-dot line (also in scenario (2))is for the case where the initial
muon beams have a longitudinal polarization P = 0.9. The short dashed line is yˆ
(3σ)
init obtained in
scenario (2) using transverse polarization of the initial muon beams. The long dash line is yˆ
(3σ)
tt¯
for scenario (3) using top polarization correlation. Here we take L = 1034 cm−2s−1.
We assume that χu = χc = χt and χd = χs = χb. The significance of H = H or A, as discussed
above, is that only if H = H does H → WW , ZZ contribute to the total width. Thus, in
particular, the value of α˜ is not relevant to cases (2) and (3), since if H = A, then no boson pairs
are produced by the resonance at tree-level.
In Fig. 68 which shows the results from [237] we take a nominal luminosity of 1034cm−2s−1
and a year of 107 sec. (i.e., with running efficiency of 1/3). The solid line gives the result in
the case of scenario (1) while the upper dot-dash line is scenario (2). In both of these cases, yˆ3σtt¯
starts at about 5 years near threshold and increases thereafter. The result for scenario (3) is
shown with the long dashed line and is considerably smaller, .01 − .1 years, due to the narrow
width of the neutral Higgs H in this case.
One can enhance the signal with respect to the SM through the use of longitudinally polarized
beams. If both of the µ+ and µ− beams are left polarized with polarization P , then the Higgs
production is multiplied by (1 + P 2) thus enhanced while the SM backgrounds are multiplied
by (1 − P 2) and thus reduced. More generally if the µ+ has polarization P+ and the µ− beam
has polarization P− then the Higgs cross-section gets multiplied by (1 + P+P−) while the SM
background gets multiplied by (1 − P+P−). In the lower dash-dot curve of fig. 68 we consider
the results for scenario (2) where we have taken P = 0.9 which gives a reduction of nearly an
order of magnitude.
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10.1.3 Production asymmetry in µ+µ− → tt¯ via polarized muons
As discussed above, some knowledge about fermion polarization is required if information about
CP violation in µ+µ− → tt¯ is to be obtained. Above we considered the case where we used the
polarization of the top quarks to learn about sin 2λt. Here we consider the case where the muons
are polarized.
The initial production of muons results in a substantial longitudinal polarization since the
weak decay π → µν produces predominantly left handed µ− (and right handed µ+). If one
constructed a single pass colliding beam machine, it should not be too difficult to preserve this
polarization. On the other hand, in the case of muon storage rings the polarization would have
to be manipulated in some way since a longitudinally polarized beam will precess at a rate
proportional to g − 2. In a recent paper Grza¸dkowski et al [238] discuss the details of how
the polarization of muons in a storage ring may be used to make measurements on the Higgs
resonance of the type considered in the following sections. Here we will assume that it is possible
to prepare muons in a given initial state of transverse or longitudinal polarization.
Let us first consider an experiment where the muon beams are polarized transversely to the
beam axis. The cross-section is then measured as a function of the angle between the polariza-
tions. We can take the z-axis in the c.m. frame to be in the direction of the µ− beam and the
x-axis to be its polarization while the µ+ beam is polarized at an angle of φµ to the x-axis, that
is in the direction (cosφµ, sinφµ, 0).
If the µ± beams have polarization P± then the cross-section (e.g., for µ+µ− → tt¯) as a function
of φµ is [237]:
σ(φµ) = (1− P+P− cos 2λµ cosφµ + P+P− sin 2λµ sinφµ)σ0 , (10.21)
where σ0 is the corresponding unpolarized cross-section. We could therefore look for the presence
of CP violation by comparing σ(φµ = +90
◦) with σ(φµ = −90◦). Thus, we define the CP-odd
(C-even and P-odd), TN -odd asymmetry
Aµ =
σ(+90◦)− σ(−90◦)
σ(+90◦) + σ(−90◦) = P+P− sin 2λµ . (10.22)
Clearly if appreciable polarizations are available and sin 2λµ ≈ 1 these effects are dramatic.
In this experiment, we are simply observing a change in Higgs production as a function of φµ,
so in the approximation that the Higgs resonance is dominant, it would not matter in fact what
the final state is.
In practice, the SM effects will also produce the same final states. Again using this asymmetry
we can quantify the amount of run time required to see a signal through Eq. 10.20. In fig. 68
we show with the short dashed line the value from [237] of yˆ
(3σ)
init , which is the number of years
required to obtain a 3σ signal using the initial polarizations for this asymmetry in scenario 2
taking P+ = P− = 1.
It is also useful in some cases to consider asymmetries which make use of longitudinally
polarized muons in the initial state. Such an asymmetry which is TN -even, C-even and P-odd
was considered in [239]:
ACP =
σ(µ−Lµ
+
L → tt¯)− σ(µ−Rµ+R → tt¯)
σ(µ−Lµ
+
L → tt¯) + σ(µ−Rµ+R → tt¯)
. (10.23)
This asymmetry in the pair production cross-section clearly requires longitudinally polarized
muon beams. In principle, a similar asymmetry is possible for other fermions as well. Since this
asymmetry is TN -even, some absorptive phase is required. If the collider is running near the
Higgs resonance, this will be naturally provided by the complex phase in the Higgs propagator.
Thus, a mechanism for generating this asymmetry is the CP violation originating from the mixing
between H and Z and/or between the scalar (H) and pseudoscalar (A) Higgs that can occur in
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extended models. In particular, the CP invariance of the Higgs sector may be broken by the
presence of heavy Majorana fermions. Such a scenario can occur in the minimal SUSY model, in
which heavy neutralinos are Majorana fermions. E6 inspired theoretical scenarios offer another
possibility for heavy Majorana neutrinos at the TeV mass scale.
The most interesting situation occurs when a CP-even H mixes with a CP-odd Higgs scalar,
A, and, as is natural in SUSY models, for M2A >> M
2
Z , the two states are roughly degenerate,
MH ≃MA. In particular, if MA,H > 2MZ the broadening of the H due to the two vector decay
channel can allow significant mixing between the two states. Consequently, Pilaftsis [239] finds
ACP ∼ −2Πˆ
AH [ℑmΠˆHH(m2H) + ℑmΠˆAA(m2H)]
(m2H −m2A)2 + [ℑmΠˆAA(m2H)]2 + [ℑmΠˆHH(m2H)]2
(10.24)
where Πij are coupled channel propagators derived in that paper. Note, in particular, the pro-
portionality to the imaginary parts as expected since the asymmetry is CPTN -even.
Fig. 69 shows the results from [239] in a model where ΠHA is generated by heavy Majorana
neutrinos with masses MN = 0.5, 1.0 and 1.5 TeV. It is assumed that
√
s = mH . Two scenarios
for the masses and couplings of the Higgs-bosons are considered:
a) MA = 170 GeV and cos
2 α˜ = 1, χd = 2 = 1/χu and the asymmetry is observed with a bb¯
final state.
b) MA = 400 GeV and cos
2 α˜ = 0.1, χd = 2 = 1/χu and the asymmetry is observed with a tt¯
final state.
The cross-section is shown with solid curves while the asymmetry is shown with dotted curves.
Scenario (a) is shown with the curves in the region around
√
s = 170 GeV where the final state
is bb¯ while scenario (b) corresponds to the curves in the region
√
s = 400 GeV, with a tt¯ final
state. The enhancement of the asymmetry from the imaginary part of the scalar propagators is
apparent in the case where the A and H masses are close together, within about 10% of each
other.
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Figure 69: This figure shows the cross-section (solid curves) and ACP in Eq. 10.24 (dotted
curves) as a function of
√
s = mH in a model with A − H mixing induced by heavy Majorana
neutrinos with masses MN = .5, 1.0, and 1.5 TeV and with χd = 2 = 1/χu. The two curves at
the left are for case (a) where MA = 170 GeV and ACP is observed in the bb¯ channel (see text).
The curves at the right are for case (b) where MA = 400 GeV and ACP is observed in the tt¯
channel (see text). Note that in both cases the curves are shown in the vicinity of MA ∼ MH
where the mixing effects are likely to be most prominent. Figure taken from [239].
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Figure 70: (a) Feynman diagram for µ+µ− → tc through s-channel neutral Higgs exchange. (b)
Feynman diagram for µ+µ− → tc through virtual Z and γ exchanges, where the circle indicates
a vertex correction. (c) An example of a vertex correction contributing to µ+µ− → tc, where H0
is a neutral Higgs with flavor changing interactions to fermions and H± is a charged Higgs.
10.2 CP violation in the flavor changing reaction µ+µ− → tc¯
As mentioned before, one of the unique properties of a muon collider is that, under favorable
conditions, it may produce neutral Higgs states in the s-channel. If the Higgs sector contains
two or more doublets, then the Higgs couplings may be FC (Flavor Changing) [84, 240] (see
also section 3.2.2). This can lead to a dramatic tree-level signature of µ+µ− → tc¯ (or ct¯) due
to the neutral Higgs resonance [241]. At the same time FC processes do occur at the loop level
in the SM and in practically all of its extensions, even if they are forbidden at the tree-level.
Thus a continuum of FCNC reactions of the form µ+µ− → Z∗, γ∗ → tc¯, t¯c are expected. Indeed
such couplings with CP-violating phases may also naturally arise in R-parity violating SUSY
models [242]. Of course such processes are GIM suppressed in the SM but for the purpose of
this discussion we are assuming that there is a FC Higgs sector as in section 3.2.2, thus for the
reactions Z∗, γ∗ → tc¯, t¯c, rates appreciably larger than the SM may be expected [84, 243]. Since
many such extensions of the SM contain a large number of unconstrained Yukawa couplings,
they will, in general, also contain CP-violating phases. Therefore the interference between the
resonant and the continuum processes can lead to CP-odd observables; it is this possibility which
we wish to study in this section.
Consider now the two processes shown in Fig. 70(a) and 70(b). Since the Higgs flips the
helicity of the µ while the Z does not, for unpolarized or longitudinally polarized beams the
interference will be proportional to the mass of the muon and consequently exceedingly small
and uninteresting. Such a suppression will not occur if the beams are transversely polarized
whence a large interference signal may be produced, especially if the resonant (Fig. 70(a)) and
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the continuum (Fig. 70(b)) processes are of similar strength.
Bearing all this in mind we will thus proceed as follows: first we will consider the general case
of the resonance production of tc¯ interfering with the continuum and then we will consider, more
specifically, what signals are produced in models similar to the ones discussed by [84].
The process which produces tc via s-channel Higgs exchange is controlled by the terms in the
Lagrangian (for more details see section 3.2.2)
LH = [µ¯φµµ+ t¯φtcc+ · · ·+ h.c.]H0 (10.25)
where with the parameterization defined in Eq. 10.5
φµ = C
0
µµχµe
iγ5λµ ≡ αµ + βµγ5 . (10.26)
Similarly, for φtc we can write
φtc ≡ αtc + βtcγ5 . (10.27)
Note that unitarity implies that αµ is real while βµ is imaginary.
CP violation will then occur if there exists another mechanism for producing tc which the
Higgs may interfere with. Here we take this process to be µ+µ− → γ∗ → tc¯ and/or µ+µ− →
Z∗ → tc¯ with the amplitude
MZ,γ = e2ΠZ,γ (µ¯γρηµµ) · (t¯γρηtcc) , (10.28)
where µ¯, µ, t¯ and c above are Dirac spinors and
ΠZ = s
[
(s−m2Z)s2W c2W
]−1
, Πγ = 1 ,
ηµ ≡ AZ,γµ +BZ,γµ γ5 , ηtc ≡ AZ,γtc +BZ,γtc γ5 . (10.29)
Here sW = sin θW , cW = cos θW , where θW is the weak mixing angle. A
Z,γ
µ , B
Z,γ
µ are real and they,
of course, occur in the tree-level SM Lagrangian. AZ,γtc , B
Z,γ
tc are form factors which are induced
at the loop level. As mentioned previously, although small in the SM, they may be generated at
reasonable levels in some extensions of the SM, for instance, in multi Higgs scenarios which give
H0 → tc¯ [240, 241].
Since we are interfering a vector continuum with a scalar resonance, this interference is natu-
rally suppressed by mµ. This suppression, however, does not apply if at least one of the beams is
transversely polarized. To construct a quantity which is CP odd, we consider the case where the
µ− beam is polarized in the +x direction and add it to the result where the µ+ is also polarized
in the +x direction. We will also consider the case where the continuum is dominated by the Z
exchange.
Combining the transversely polarized µ+ and transversely polarized µ− data as suggested
above, we now consider some angular distributions of this combined data which have specific
properties under CP and TN . Let us define the polar coordinates (θ, φ) of ~pc; in particular, φ
is the azimuthal separation between the beam polarization and ~pc. For each event of the form
µ+µ− → tc¯ or t¯c, let us also define, Lt to be +1 for the tc¯ final state and −1 for the t¯c final state.
It is natural, therefore, to consider the following possible asymmetries
x1 = 〈σ(cos φ)〉 x2 = 〈Ltσ(cosφ)〉
x3 = 〈σ(sin φ)〉 x4 = 〈Ltσ(sinφ)〉 (10.30)
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where σ(x) = +1 if x ≥ 0 and −1 if x < 0.
These expectation values can be characterized in terms of their symmetry properties. Thus
x2, x4 are CP-odd; x2 is TN -even and x4 is TN -odd. x1 and x3 are CP-even; x1 is TN -even and
x3 is TN -odd, indicating that x2 and x3 require complex Feynman amplitudes, i.e., FSI phase(s).
In the process at hand one source of this is the Higgs propagator (see Fig. 70(a)). In fact, since
the Higgs is close to resonance, in the experiments being envisioned here, these (CPTN -odd)
observables (i.e., x2 and x3) are likely to be the most prominent of the observables since they are
enhanced by the resonant phase of the Higgs propagator.
In order to observe the signals suggested above one first requires a muon collider which is able
to deliver beams with a large transverse polarization as well as an energy spread for the beam
which is comparable to or smaller than the Higgs peak.
Clearly, theories which produce detectable signals should, of course, have fairly large FC tc
couplings. As a specific example let us consider 2HDM of types III [84, 240], also discussed in
section 3.2.2. In these scenarios a 2HDM is considered where the second doublet has arbitrary
Yukawa couplings. The popular Cheng-Sher Ansatz [82]:
|φtc| ≃ gW
√
mtmc
mW
λ , (10.31)
for φtc in Eq. 10.25 is then imposed where λ is a parameter that needs to be extracted from
experiment. It is perhaps natural to expect λ to be of O(1). It is clear that the first obstacle to
a large signal is having the Z∗-exchange continuum in Fig. 70(c), generated by loop corrections,
to be sizable.
Let us define
RH = σ(µ
+µ− → H0 → tc¯, t¯c)/σ(µ+µ− → γ∗ → e+e−) , (10.32)
RZ = σ(µ
+µ− → Z∗ → tc¯, t¯c)/σ(µ+µ− → γ∗ → e+e−) . (10.33)
Clearly then, a necessary condition for there to be large O(1) asymmetries is that RH ≈ RZ .
For mH0 ∼ 150 − 350 GeV range, typically RZ ∼ 10−3 − 10−4 [243]. Such a signal would have
a marginal chance at a L = 1034 cm−2s−1 luminosity machine. The Higgs signal in this case
can also be of order RH ∼ 10−3 − 10−4 in the scenario where the Higgs decay to two vector-
bosons is allowed. In that case, ΓH ∼ O(1 GeV), so the spread in beam energy needed to be
in the resonance region of the Higgs should be achievable at a muon collider. This could allow
asymmetries of a few tens of percents provided that the CP-odd weak phase difference were large.
Since RH ∼ RZ ∼ 10−3, observing the asymmetry would still require a 1034 cm−2s−1 collider.
The situation, of course, would improve considerably if the continuum were larger; for example,
this happens if λ > 1 in Eq. 10.31. Since the continuum scales as λ4 the integrated luminosity
required to observe these asymmetries scales as λ−4.
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11 Summary and outlook
There are only two known systems which have been shown to violate the CP symmetry: the
neutral kaon through the parameters ǫ and ǫ′ and the entire universe through the dominance
of matter over antimatter. It would be of great significance to understand the relation between
these two effects or trace them to a common origin. Although experiments in the near term are
likely to clarify the source of CP violation in the kaon system, the mechanisms of baryogenesis
remain in the realm of theoretical speculation and may not be directly tested in the lab for some
time. The top quark, however, offers a unique system where new CP-violating effects could be
discovered which could, in time, shed light on the processes which were important in the early
universe.
The immediate source of CP violation in the kaon is thought to be the CKM phase in the SM.
This will be tested in detail in the next few years through the study of the B meson. Ironically,
although the exchange of virtual top quarks generates the large CP violation in the B and K
mesons, the CKM phase will not produce any signal in top quark systems that is large enough
to be of experimental interest. Instead, if a CP-violating signal is seen in the top quark, it must
be due to some inherently large, non-standard, CP-odd phase which becomes manifest only at
high energy scales. Since the effect of the CKM phase is also thought to be too weak to explain
baryogenesis, the required phase for this process is likely to show up in top quark physics as well.
Thus, the observation of CP violation in top quark reactions is an unambiguous signal of physics
beyond the SM which may well shed light on baryogenesis.
In this review, we have considered a number of laboratory tests of CP violation in the top
quark in the context of various non-standard models for physics beyond the SM. In particular,
we focus on two classes of models which are described in some detail in Chapter 3:
1. Multi Higgs models containing at least two Higgs doublets with phases in the Yukawa
couplings. Here CP violation manifests either in the neutral or in charged Higgs sectors.
2. SUSY models wherein we consider in detail the MSSM with the Yukawa couplings given
by N = 1 minimal SUGRA models. One manifestation of SUSY CP violation is through
mixing in the sfermion sector.
We chose to focus on these models because they seem to be representative of models for
physics beyond the SM which could give rise to CP violation and are most often considered in
the literature. It is likely that the ability of a particular signal to detect CP violation in one of
these models is a good indication of its general utility.
In this review we highlight some notable CP-violating phenomena which follow from these
models:
• The transverse polarization of the τ in t → bτν which follow from CP violation in the
charged Higgs sector (see Chapter 5)
• CP-violating correlations in e+e− → tt¯H0, tt¯Z and e+e− → tt¯νeν¯e at high energy e+e−
colliders generated by CP violation in the neutral Higgs sector. Since these effects arise
through the interference of two tree-level graphs the resulting correlations can be very large
indeed. (see Chapter 6)
• CP-violating correlations in hadronic top pair and single top production which can originate
from by CP-odd phase(s) in the neutral Higgs sector or in the squark sector of SUSY models.
(see Chapters 7 and 8)
• CP-violating top polarizations may arise in top production at muon and/or photon colliders.
In particular at such colliders the neutral Higgs(es) can be produced in the s-channel, giving
rise to a distinct resonant enhancement which in turn may magnify the CP-violating effect in
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reactions such as µ+µ−, γγ → tt¯ or even in the flavor changing channels µ+µ−, γγ → tc¯+t¯c.
(Chapters 9 and 10)
• CP-violating moments of the top analogous to the electric dipole moment which may be
observed at an NLC from top polarimetry in the reaction e+e− → tt¯. Such moments can
be generated in SUSY models as well as models with an extended neutral Higgs sector.
(Chapters 6 and 10)
• CP violation in the main top decay t→ bW . In this case a CP-odd phase in the stop sector
of the MSSM can cause a partial rate asymmetry in t→ bW+ at the level of a few× 0.1%.
(Chapter 5)
A common feature of both the SM and the models mentioned throughout this review is that
CP violation is driven directly or indirectly by Yukawa couplings in the scalar sector of the
theory. In the SM the CKM matrix which contains the CP-violating parameter results from the
Higgs-fermion coupling while with multi Higgs models additional CP violation may result from
the couplings between the various Higgs fields, either from explicit CP violation in the Higgs
potential (e.g., Model II) and/or in the Yukawa interaction terms (Model III), or CP can be
violated spontaneously if there are more than two Higgs doublets. In SUSY models, phases may
be associated with the scalar Lagrangian as well, for instance, from squarks and sleptons mixing.
As in the SM, the amount of CP violation is proportional to the non-degeneracy of the mass
spectrum. For instance, in MHDM’s the non-degeneracy of the Higgs particles is required while
in SUSY it is the non-degeneracy of squarks or sleptons of different helicities.
It is important to emphasize that, in many ways, the phenomena of CP violation in top quark
systems strongly relies on the large mass of the top which, therefore, becomes the key property
of the top as far as CP violation is concerned:
• The large mass of the top quark allows its polarization to be determined by its weak decays
because, unlike the other 5 quark flavors, it decays before it hadronizes and so the informa-
tion carried by its spin is not diluted. As discussed in Chapter 2, this allows experiments
to consider CP-odd observables involving polarization (i.e., top spin correlations) which is
crucial since in many settings no CP-violating observables could be constructed without
this information. For example, the CP-violating transverse top polarization asymmetry,
suggested in Chapter 8, may be used to probe tree-level CP violation in pp¯ → tb¯ which
otherwise (i.e., without the use of top spins) cannot be observed.
• In MHDM’s, it is the enhancement in the Yukawa coupling of a neutral Higgs to the top
quark that is responsible for the enhanced CP-violating effect. As discussed in Chapter 6,
this clearly manifests in e.g., e+e− → tt¯Z, where the only CP-violating diagram present,
i.e., the one with a virtual neutral Higgs exchange, is comparable in size to the CP-even
SM diagrams that contribute to the same final state, due to the fact that the CP-odd, H0tt¯
Yukawa coupling may be as large as the gauge coupling.
• As mentioned above, in the CP-nonconserving effect associated with SUSY particles ex-
changes, it is the large mass splitting between the two stop mass eigenstates of the theory
that may be the cause for an enhanced CP-violating effect, again, due the corresponding
large mass of their SM partner – the top quark. As discussed in Chapters 7 and 8, this is
the case for example in pp→ tt¯ and pp¯→ tb¯ where the effect arises from CP-violating loop
exchanges of stop particles.
• Large mt enables the study of CP violation in cases where the CP-odd effect is driven by
new thresholds (i.e., absorptive cuts across heavy particles of the underlying theory). As
discussed in Chapter 5, this is the case in e.g., PRA in t → bW within supersymmetry,
where it is only viable if mt > mt˜ + mχ˜0 – still allowed by present experimental data,
basically, because of the heaviness of the top.
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• The cases where the CP-odd effect is enhanced to the detectable level due only to an
intermediate resonance are also a clear manifestation of the important role played by the
large mt in CP violation studies. Such is the case in e.g., CP violation in the decay
t → bτντ , as discussed in Chapter 5, where the intermediate W -boson resonance provides
the necessary enhancement, of course, since mt > mW .
It is therefore evident that, due to its large mass, the top is very sensitive to new effects
from possible new short distance theories. This sensitivity of the top quark to short distance
effects from many models leads one to consider a more general approach for such studies. For
instance, by parameterizing CP violation in a model independent way using CP-violating form
factors. Such form factors which contain the information of the dynamics of some new physics
scenarios at higher energy scales are expected to be more pronounced in top quark interactions.
This technique is a useful prescription for extracting limits on various CP-violating couplings that
may arise in new physics. Examples of such effective form factors are the top dipole moments
and the CP-violating form factors in the top decays which were separately discussed in Chapters
4 and 5 respectively.
In Chapter 4 we find that in models with extra Higgs doublets as well as in SUSY models, one
can expect an EDM and ZEDM of the top on the order of ∼ 10−19 e-cm and, likewise, a CEDM
of ∼ 10−19 gs-cm. These values are many orders of magnitude larger than the SM prediction
for these quantities. Thus, a discovery of such an effect in tt¯ production in leptonic or hadronic
colliders and perhaps also in photon and muon colliders, would be a clear signal of beyond the
SM dynamics. In Chapter 6 we discuss the sensitivity of an e+e− NLC collider to these EDM
and ZEDM. We find that optimal observable techniques seem to indicate that high energy e+e−
colliders will be sensitive, at best, to a top dipole moment at the level of ∼ 10−17 − 10−18 e-cm,
about one to two orders of magnitude larger than what is expected in the models mentioned
above.
In Chapter 9 we find that a similar statement is true at γγ colliders based on the backscattered
laser light from an NLC. On the other hand, hadron colliders are expected to be more sensitive to
the CEDM, in particular, in Chapter 7 we find that a CEDM at the level of 10−19 − 10−20 gs−cm
might be observable at the LHC. Although this sensitivity of a NLC to the top electric dipole
moment may seem a little discouraging, there is still very strong motivation to look for this effect;
the observation of a top dipole moment with this magnitude (i.e., ∼ 10−17 e-cm), will clearly be
a surprise, since such a large dipole moment cannot be accounted for in the popular models such
as SUSY and MHDM’s.
Thus, in spite of the very large enhancements expected in such beyond the SM scenarios
for the top dipole moments, it is evident that this type of signal is useful only if the dipole
moments are on the very large side of the theoretical range. That being the case, one would like
to search for other alternatives for the observation of CP violation in top quark systems. It may,
for example, be more promising to look for specific signals of CP violation in the production or
decay of top quarks which are not related to the dipole moments.
In Chapter 5 we consider the CP-violating effects which might be present in the decay of top
quarks. The simplest kind of signal is a PRA in the decay t → bW (mentioned above) which
in SUSY can have an asymmetry of ∼ 10−3 and thus may be detectable at the LHC. Another
promising signal which is particularly applicable to 3HDM or other models with charged scalars
is τ polarization asymmetries in the decay t → τνb which arises from the interference of the W
pole with the charged Higgs propagator and could result in asymmetries on the order of a few
tens of percents.
While CP-violating effects in the decay of top quarks may be searched for at any experiment
where top quarks are produced, there are a broader range of signals where the CP violation
occurs in the production of the top quark. In this case one must consider each kind of top quark
production mechanism separately. CP violation in the production mechanism of the top was
discussed in the context of an e+e− collider (in Chapter 6), hadronic colliders (in Chapters 7 and
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8), photon collider (in Chapter 9) and muon collider (in Chapter 10).
Each of these machines has its own characteristics and so special attention needs to be given in
constructing appropriate CP-violating observables. For example, lepton and photon colliders have
the advantage of their relative cleanliness as far as background is concerned; it should be easier to
reconstruct the top quark in such colliders even when it decays via purely hadronic modes. On the
other hand, it may be quite challenging for such colliders, e.g., the NLC, to posses the necessary
luminosity for studying rare phenomena in top physics such as loop induced CP-violating effects.
Hadron colliders such as the LHC may have an advantage in this context, since top quarks will
be more readily produced there. However, the hadronic environment requires more effort in
disentangling the CP-violating signal both from the experimental and the theoretical points of
view. In addition for hadron colliders, it should be noted that one would prefer, in principle, to
always use a pp¯ collider (such as the Tevatron) for CP studies since then the initial state is a
CP eigenstate. Unfortunately, the LHC which is expected to produce a very large number of top
pairs is a pp collider. It turns out, however, that the initial state at the LHC may not effect the
CP studies considered here greatly, primarily because the dominating tt¯ production mechanism
there is in fact a CP eigenstate, i.e., gluon-gluon fusion.
Nonetheless, in such colliders it is important to use clean CP-violating observables that can
reduce the backgrounds. One such useful observable for the LHC, that was suggested by Schmidt
and Peskin was discussed in Chapter 7. Their CP-odd signal uses the difference between the
energy of the positrons from t→ be+νe and electrons from t¯→ b¯e−ν¯e in the overall rather com-
plicated reaction, gg → tt¯ → bW+b¯W− → be+νeb¯e−ν¯e. Unfortunately, the expected asymmetry
is unlikely to be larger than a few times 10−3. However, Bernreuther, Brandenburg and Flesch
have shown that a considerable improvement may be achieved in this reaction by employing clever
cuts on the tt¯ invariant mass. By doing that they were able to isolate the possible CP-violating
contribution from an s-channel Higgs exchange in gg → tt¯. Thus, in their analysis, asymmetries
at the level of a few percent may arise leading to a CP-odd signal well above the 3 − σ level in
pp→ tt¯+X at the LHC.
Another useful CP-violating signal designed for the Tevatron setting was discussed in Chapter
8. Specifically, it uses an apparent advantage of pp¯ colliders: that there should be a high rate of
virtual W production via ud¯ annihilation. In this case a number of asymmetries involving the
transverse and longitudinal components of the top spin may be constructed. In both MHDM’s
and SUSY models we find that asymmetries around 1% may thus occur in single top production
at the Tevatron.
Loop induced CP-violating effects such as that of Schmidt and Peskin as well as dipole
moments tend to give asymmetries at the level of ∼ 0.1 − 1%. Thus experimental detection of
rare CP violation effects in top physics, both in hadronic and leptonic colliders, leads to at least
two important challenges. 1) Can detector systematics be controlled to the point that a CP
asymmetry of O(0.1%) can be observed? 2) Can CP violation be studied with purely hadronic
decay modes of the tt¯ pair. That is, to what extent will the experimentalists be able to distinguish
between the top and the anti-top via purely hadronic modes; if that can be done to a significant
level, then the increased statistics will improve the prospects for the observability of such rare
CP-odd signals.
The small CP-asymmetries which arise from phenomena that occur at one-loop may make
most of those signals too small to be of great use in putting bounds on models of new physics.
On the other hand, signals which arise from the interference of tree graphs only are likely to give
rise to larger asymmetries. In Chapter 6 we discuss some candidate signals of this type such as
e+e− → tt¯H0, tt¯Z, and tt¯νeν¯e. In addition, the decay discussed in Chapter 5, t → bτντ falls
into this category. In these cases one finds that CP-asymmetries at the level of tens of percents
are possible in models with CP-odd phase(s) in the Higgs sector. This makes that type of CP-
violating mechanism quite robust, requiring about a few thousands tt¯ events per year in order to
be detected; such a number may well be within the reach of the future colliders presently under
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consideration.
The two other exotic technologies which may be used in the future in this context (i.e., tree-
level CP violation) are γγ colliders and muon storage rings. In Chapter 9 we discuss reactions
which can take place at a γγ collider constructed from an e+e− NLC collider by backscattering
laser light from the e± beams. As mentioned above, these machines can be used to produce tt¯
pairs through an intermediate Higgs state and interfere it with the born cross-section for top
pair production. In this case, observables constructed by considering the top polarization can
give asymmetries of up to ∼ 10% in 2HDM. In Chapter 10 we further discuss experiments at
muon colliders. Clearly any experiment which can be performed at an e+e− collider may also
be performed at a muon collider. In addition, however, the larger mass of the muon allows
us to contemplate the production of Higgs bosons in the s-channel. In such scenarios one can
analyze the scalar versus pseudoscalar couplings of the Higgs to tt¯ by studying the polarization
correlations of the tops produced which, again, could give ∼ 10% asymmetries.
Now, since a large portion of the experimental effort in these future colliders will be devoted
to the search of supersymmetry, it is particularly gratifying that for such studies of tree-level CP
violation, supersymmetry may play an important role in our understanding of the underlying
mechanism for CP violation. In particular, once SUSY is discovered and SUSY particles are
readily produced in high energy collider experiments, the next step would clearly be to start
scrutinizing the basic ingredients of the SUSY Lagrangian, e.g., its CP-violating sector. Indeed,
due to the potential richness of CP-odd phases in SUSY theories, tree-level CP violation can easily
occur in production and decay of SM+SUSY particles. A promising venue to investigate such
tree-level SUSY CP violation may be to search for reactions involving associated top production in
final states which contain additional SUSY particles and to probe the CP-violating effect through
top polarimetry, i.e., bypassing the missing energy limitation (typical to SUSY signatures) by
using the top spins. A simple example may be CP violation in e+e− → t+X +missing energy
vs. e+e− → t¯+ X¯ +missing energy, where X is some non-SUSY hadronic final state.
Another interesting related venue in the context of tree-level CP violation within SUSYmodels
is to search for CP-odd signals in reactions where, although involving SUSY particles, only SM
particles are produced in the final state. Indeed, if SUSY theories posses R-parity violating
interactions, CP may be violated at tree-level even in 2 → 2 processes in which the initial and
final states consist of SM particles only. In particular, through SUSY scalar exchanges in which
the CP-odd phases are carried by the R-parity violating couplings in the interaction vertices of
a pair of SM particles to squarks and/or sleptons. Again, such tree-level CP violation may be
probed even in a 2 → 2 process if one uses top spin asymmetries. Consider, for example, single
top production at the Tevatron, pp¯ → tb¯ + t¯b. As was discussed in Chapter 8, a transverse top
polarization asymmetry can probe potentially tree-level CP violation in this process. Indeed,
since s-channel exchanges of charged sleptons can mediate pp¯ → tb¯ + t¯b in R-parity violating
SUSY, this transverse top polarization asymmetry can potentially lead to large tree-level SUSY
CP-violating signal in this reaction.
These types of tree-level CP violation in SUSY models were not discussed in this review or
anywhere else in the literature to date and could be useful to examine in the future, especially
once SUSY is directly observed. More generally, the subject of tree-level CP violation seems
promising and requires additional effort from the theoretical point of view.
In parting, the study of CP violation in top quark physics deserves to be one of the main
issues on the agenda of the future high energy colliders. The expected high production rate
of top quarks in these colliders turns these machines into practically top factories enabling the
examination of what is presently considered rare phenomena in top physics. In particular, these
colliders provide a unique opportunity for the study of CP violation – a phenomenon that till
now seems to be essentially confined only to the kaon system – and its relation to top quark
dynamics. The manifestation of CP violation in heavy particles systems in general and in the
top quark system in particular, can shed light on new aspects of this phenomena due to the high
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Table 16: The underlying source of CP-odd phase and the mechanism responsible for CP violation
in the processes indicated. Note that: t˜ CP6 means CP6 from t˜L − t˜R mixing, H0 CP6 means
CP6 from scalar - pseudo-scalar mixing in the H0tt vertex and H+ CP6 means a CP6 phase in
the H+tb and/or H+τντ vertices. See also Chapter 3.
process CP source mechanism
t→ bW MSSM (t˜ CP6 ) 1-loop
W+-resonance
t→ bτντ MHDM (H+ CP6 ) in tree-level
W+ −H+ interference
MSSM (t˜ CP6 )
pp¯→ tb¯ & 1-loop
MHDM (H0 CP6 )
MSSM (t˜ CP6 )
pp¯→ tt¯ & top - CEDM (1-loop)
MHDM (H0 CP6 )
MSSM (t˜ CP6 ) =⇒ 1-loop
pp→ tt¯ &
MHDM (H0 CP6 ) =⇒ s-channel H0 & 1-loop
MSSM (t˜ CP6 )
e+e− → tt¯ & top - EDM,ZEDM (1-loop)
MHDM (H0 CP6 )
e+e− → tt¯H0, tt¯Z MHDM (H0 CP6 ) tree-level interference
s-channel H0
e+e− → tt¯νeν¯e MHDM (H0 CP6 ) in
tree-level interference
µ+µ− → tt¯ MHDM (H0 CP6 ) H0-resonance
γγ → tt¯ MHDM (H0 CP6 ) s-channel H0 & 1-loop
energy scales involved, possibly on new physics related to the dynamics of our universe in its very
early stages.
One, of course, should not forget the importance of the up coming CP measurements in the B
system. On the other hand, it is also important to note that there is a very interesting interplay
between CP violation in b physics and in t physics. In b physics, one expects large CP-violating
signals due to the CKM phase alone. Therefore, non-observation of CP violation in B decays
would, in fact, stand out as a signal of new physics. This is, of course, in complete contrast to the
situation in the top system in which one does not expect any CP-odd signal with the CKM phase
of the SM. Therefore, any signal of CP violation in top reactions will unambiguously prove the
existence of new physics. Moreover, in order to disentangle effects of new physics in the B system,
one will need precision measurements and cross-checking of the different available CP-violating
B decay channels. In top systems the advantage is that no significant effort is needed in order
to establish the existence of new physics phenomena in CP-odd top correlations – any measured
CP-nonconserving effect in top systems will suffice.
Finally, in Tables 16 and 17 we summarize the main features of some of the most interesting
CP-violating signals that were discussed in this review.
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Table 17: The asymmetries that can probe CP violation in the processes indicated and their
expected size. Also indicated is the place in which each asymmetry was discussed in the review,
i.e., its equation number. The size of the asymmetry given tends to be optimistic, i.e., on the
large side of its theoretical range.
process type of asymmetry size
t→ bW PRA - A3 (Eq. 5.4) 0.1%
t→ bτντ τ pol. - e.g., (transverse) A′z (Eq. 5.85) 10%
cross-section - A0 (Eq. 8.19)
pp¯→ tb¯ 1%
top pol. - e.g., (transverse) A(yˆ) (Eq. 8.21)
pp¯→ tt¯ lepton energy - e.g., (transverse) AT (Eq. 8.7) 0.1%
optimal observable - e.g., O′ (Eq. 7.4)
pp→ tt¯ top pol./lepton momenta - e.g., ∆NLR (Eq. 7.17) 0.1 − 1%
lepton energy - e.g., (transverse) ∆N(ET ) (Eq. 7.21)
optimal observable - e.g., OR (Eq. 6.8)
top pol./lepton momenta - e.g., Tˆij (Eq. 6.24)
e+e− → tt¯ 0.1%
angular distributions - e.g., Aud(θ) (Eq. 6.43)
energy distributions - e.g., Aℓℓ (Eq. 6.50)
e+e− → tt¯H0, tt¯Z top momenta, optimal observable - O,Oopt (Eq. 6.69) 10%
e+e− → tt¯νeν¯e top pol./lepton momenta - e.g., Ay (Eq. 6.114) 10%
top pol./lepton momenta - At (Eq. 10.13)
µ+µ− → tt¯ 10%
muon beam pol. - e.g., Aµ (Eq. 10.22)
top pol./lepton momenta - e.g., α1 (Eq. 9.33)
γγ → tt¯ 10%
photon pol. - e.g., P1 (Eq. 9.36)
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Notes
Note on literature survey
The literature survey for this review was primarily completed in Dec. 1999.
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Appendix A
In this appendix we define the coefficients Cx, (x = 0, 11, 12, 21, 22, 23, 24, see below) correspond-
ing to one-loop integrals with three internal propagators in the loop, i.e. “triangle-like” one loop
diagrams. In the review they appear in section 4.3 (Eqs. 4.16 - 4.17), in section 4.4 (Eqs. 4.35
and 4.35), in section 4.5 (Eqs. 4.46, 4.53, 4.54, 4.62 and 4.63), in section 5.1.4 (Eqs. 5.38 - 5.45),
in section 8.2.1 (Eqs. 8.32 and 8.33) and in section 8.2.2 (Eqs. 8.41 and 8.42).
These three-point loop from factors which are functions of masses and momenta are defined
by the one-loop momentum integrals as follows [244]:
C0; Cµ; C˜µ; Cµν(m
2
1,m
2
2,m
2
3, p
2
1, p
2
2, p
2
3) ≡
∫
d4k
iπ2
1; kµ; k
2kµ; kµkν
D1D2D3 , (A.1)
where:
D1 ≡ k2 −m21 , (A.2)
D2 ≡ (k + p1)2 −m22 , (A.3)
D3 ≡ (k − p3)2 −m23 , (A.4)
and
∑
i pi = 0, i = 1− 3, is to be understood above.
The three-point loop from factors are then given through the following relations [245]:
Cµ = p1µC11 + p2µC12 , (A.5)
C˜µ = p1µC˜11 + p2µC˜12 , (A.6)
Cµν = p1µp1νC21 + p2µp2νC22 + {p1p2}µνC23 + gµνC24 , (A.7)
where {ab}µν ≡ aµbν+aνbµ. The numerical evaluation of the above form factors can be performed
using the algorithm developed in [244].
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Appendix B
We list in this appendix all the abbreviations used throughout this review:
SM Standard Model
CKM Cabibbo-Kobayashi-Maskawa
GIM Glashow-Iliopoulos-Maiani
NLC Next Linear Collider
LHC Large Hadron Collider
PRA Partial Rate Asymmetry
FSI Final State Interactions
PIRA Partially Integrated Rate Asymmetry
MHDM Multi Higgs Doublet Models
SUSY SUperSYmmetry or SUperSYmmetric
SSB Spontaneous Symmetry Breaking
VEV Vacuum Expectation Value
NLO Next-to-Leading Order
2HDM Two Higgs Doublet Model
3HDM Three Higgs Doublet Model
MSSM Minimal Supersymmetric Standard Model
FCNC Flavor Changing Neutral Currents
FC Flavor Changing
NFC Natural Flavor Conservation
REWSB Radiative ElectroWeak Symmetry Breaking
NEDM Neutron Electric Dipole Moment
EDM Electric Dipole Moment
RGE Renormalization Group Equations
SUGRA SUperGRAvity
EW ElectroWeak
TDM Top Dipole Moment
ZEDM weak(Z) - Dipole Moment
CEDM Chromo - Electric Dipole Moment
FF Form Factor
LSP Lightest Supersymmetric Particle
DCS Differential Cross-Section
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